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ABSTRACT 
Bromide can be found from lakes, rivers, and groundwaters in concentrations from few 
micrograms to several thousand micrograms. In Finland up to 485 pg L-' of bromide has 
been found from raw waters. Bromide itself has not been found to cause negative health 
effects, but when bromide-containing waters are treated with strong oxidants or disin- 
fectants, many harmful disinfection by-products (DBPs) are formed. Those DBPs have 
been found to be more harmful than their chlorinated analogues. Bromide can be re- 
moved from water in some extent with activated carbon filtration, electrochemically, 
with nanofiltration, or with ion exchange. However, those methods might not be feasi- 
ble due to their high costs and specific requirements, resulting in a more intensive need 
to reduce the formation of brominated DBPs by choosing the disinfection method, 
which does not cause the formation of those compounds. 
Chlorination is the most often used disinfection method due to chlorine's low cost, easy 
handling and storage, and good disinfection power, which continues in the distribution 
systems. However, chlorination produces a high amount of DBPs, which has put more 
emphasis on other disinfection methods, and also on improving the organic matter re- 
moval before disinfection. Ozone (possibly combined with hydrogen peroxide oxida- 
tion) is able to reduce the precursors of the DBPs before chlorination, thus, resulting in 
smaller amounts of DBPs than chlorination alone. Also mutagenicity of the water can 
be reduced by preozonation. Permanganate and UV treatment can be used to reduce the 
DBPs as well, and they have not been observed to cause any DBPs by themselves. 
Most of the experiments in this study were made with laboratory-scale equipment, but 
one part was made using a pilot-scale water treatment plant, which is able to produce 
drinking water for 500 people's daily consumption. Ozonation (with and without hy- 
drogen peroxide), permanganate oxidation, UV treatment, and chlorination were used 
alone or in various combinations to study their effects on the formation of bromine- 
containing DBPs, such as bromate, trihalomethanes, halogenated acetic acids, muta- 
genicity, and MX (3-chloro-4-(dichloromethyl)-5-hydroxy-2(5li)-furanone). With the 
pilot-scale water treatment plant three coagulants (aluminurn sulphate, ferric sulphate, 
and polyalurninum chloride) were tested, and the formation of DBPs were studied using 
UV, UV+C12, and Cl:! for disinfection. 
Chlorine, ozone, hydrogen peroxide, and permanganate decomposed the organic matter, 
but no effect on the TOC value was observed. Trihalomethane formation and muta- 
genicity of the treated water was found to be enhanced when water contained bromide. 
However, the MX formation was found to be lower in bromide-containing waters than 
in bromide-free waters implicating the formation of brominated MX analogues. Bro- 
mate formation did not exceed the EU limit value of 10 pg L-' when a naturally high- 
bromide-containing water was ozonated with a relatively high (12 mg L") ozone dose, 
suggesting that preozonation would be a good choice for that water to lower the triha- 
lomethane formation. Ozone combined with hydrogen peroxide seemed to be a good 
preoxidation method to reduce the formation of DBPs, while UV treatment did not de- 
crease the formation of DBPs. 
Myllykangas, Tiia. Bromattujen desinfioinnin sivutuotteiden muodostumisen ehkaisy 
juomaveden valmistuksessa. Kansanterveyslaitoksen julkaisuja A312004. 164 sivua. 
ISBN 95 1-740-41 8-2, ISSN 0359-3584. 
TIIVISTELMA (ABSTRACT IN FINNISH) 
Luonnonvesissa bromidia esiintyy tyypillisesti 10 - 1000 pg L - ~ ,  ja Suomessa raakave- 
sista on havaittu jopa 485 pg bromidia. Brornidi sinansa ei ole terveydelle haital- 
linen, mutta se muodostaa vahvojen hapettimien ja desinfiointikemikaalien kanssa ter- 
veydelle haitallisia desinfioinnin sivutuotteita (DBP). Bromatut DBP:t on todettu hai- 
tallisemmiksi kuin niiden klooratut vastineet. Bromidia voidaan poistaa vedesta aktii- 
vihiilisuodatuksella, elektrokemiallisesti, nanosuodatuksella seka ioninvaihtohartseilla. 
Bromidin poisto raakavedestii ei valttiimiitta ole taloudellista tai teknisesti mahdollista, 
jonka vuoksi kaytettavat hapetus- ja desinfiointimenetelmat taytyy optimoida, jotta 
saadaan viihennettya bromattujen DBP:den muodostumista. 
Klooraus on yleisimmin kaytetty desinfiointimenetelma maailmanlaajuisesti, johtuen 
kemikaalin suhteellisen alhaisesta hinnasta, helposta kasiteltavyydesta seka hyvasta 
desinfiointitehosta. Kloorauksen aikana muodostuu kuitenkin suuria maaria haloge- 
noituja ja ei-halogenoituja DBP:ta, joiden muodostumista pitaa pyrkia valttamaan. Ot- 
sonointi (mahdollisesti yhdistettyna vetyperoksidihapetukseen) pystyy vahentiimiiiin 
kloorauksessa muodostuvia DBP:ta. Myos UV-kasittely ja permanganaattihapetus ovat 
mahdollisia esihapetusmenetelmia, joiden avulla voidaan pyrkia viihentibaan DBP:den 
muodostumista juomaveden valmistuksessa. DBP:den muodostumiseen vaikuttaa myos 
hyvin paljon vedessa olevan orgaanisen aineksen m m a  ja laatu, joka puolestaan on 
riippuvainen vedenkasittelyn toimivuudesta. Etenkin saostuskemikaalin valinta seka 
koagulaatio- ja flokkausprosessit vaikuttavat tiihan hyvin merkittavasti. 
Vaitoskirjatyossa tutkittiin orgaanisen aineksen pilkkoutumista ja muuntumista, k m  
vetta kasiteltiin vahvoilla hapettimilla ja desinfiointiaineilla (otsoni, kloori, vetyperok- 
sidi, permanganaatti), bromidin vaikutusta bromaatin, trihalometaanien ja mutageeni- 
suuden muodostumiseen kasiteltaessa bromidipitoista vetta vahvoilla hapettimilla ja 
de~i~ointikemikaaleilla, otsonoinnin vaikutusta bromaatin muodostumiseen kahdella 
eri bromipitoisella vedella seka eri esihapetusmenetelmien sopivuutta bromattujen 
d e ~ i ~ o i n n i n  sivutuotteiden muodostumisen ehkaisemiseksi. Tutkimus tehtiin suurelta 
osin laboratoriomittakaavassa, mutta yhdessa osiossa kaytettiin hyviiksi pilot- 
mittakaavaista vesilaitosta (pystyy tuottamaan vetta noin 500 henkilon tarpeisiin). Pilot- 
mittakaavaisella vesilaitoksella tutkittiin orgaanisen aineksen poistumista kolmella eri 
saostuskemikaalilla ja DBP:den muodostumista kaytettaessa UV:ta, UV+C12:ta tai C12:ta 
d e ~ i ~ o i n t i n a .  
Kloori, otsoni, vetyperoksidi ja permanganaatti pilkkoivat humusta selvasti, mutta 
vaikutus ei nakynyt orgaanisen aineksen kokonaismaiirassa (TOC). Trihalome- 
taanipitoisuus ja mutageenisuus lisaantyivat, kun kasitellyssa vedessa oli bromidia, kun 
taas MX:n pitoisuus oli selvasti alhaisempi viitaten bromattujen MX-yhdisteiden 
muodostumiseen. Bromaatin muodostus jai alle EU:n asettaman raja-arvon (10 pg U'), 
kun otsonoitiin vetta, jossa on luonnollisesti korkea bromidipitoisuus. T iba  viittaa 
siihen, etta otsonointi olisi varteenotettava vaihtoehto tuota vetta kasiteltaessa, k m  
pyritaan pienentiimaan DBP:den kokonaismaaraa. Otsonointi-vetyperoksidi-yhdistelma 
osoittautui tehokkaaksi esihapetusmenetelm&si DBP:den vahentibiseksi, mutta UV- 
kasittely ei viihentiinyt kloorauksessa syntyneiden DBP:den maaraa. 
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= assimilable organic carbon 
= advanced oxidation process 
= adsorbable organic halogens 
= aluminum sulphate, Al2(SO4)3, a coagulant 
= artificially recharged groundwater 
= biologically active carbon 
= efficiency of the disinfectant calculated as the concentration of the 
disinfectant multiplied by the time the disinfectant is effective 
= dissolved air flotation 
= disinfection by-products 
= concentration of the dissolved ozone in water 
= dissolved organic carbon 
= the European Union 
= ferric sulphate, Fe2(S04)3, a coagulant 
= granular activated carbon 
= halogenated acetic acids 
= high-pressure size exclusion chromatography 
= lake water 
= 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone 
= natural organic matter 
= polyaluminum chloride, a coagulant 
= purified artificially recharged groundwater 
= reduction of the sum of the molecular size fractions measured with HP- 
SEC 
= sum of the molecular size fractions measured with HP-SEC 
= sum of the organic acids 
= specific UV absorbance = 100*UV254/TOC 
= trihalomethanes 
= total trihalomethanes = the sum of the four THMs 
= total organic carbon 
= United States Environmental Protection Agency 
= World Health Organization 
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CHAPTER 1: GENERAL INTRODUCTION 
1. INTRODUCTION 
Bromide can be found in lakes, rivers, and groundwaters. Its concentrations in natural 
waters have been found to range from a few micrograms to a few thousands of micro- 
grams per liter1, and in Finland up to 485 pg L-' of bromide has been found from raw 
water2. Both natural and anthropogenic sources of bromide are known. 
Water treatment processes in water works can be divided into three categories3. The first 
category consists of physical treatment, which is based on the application of physical 
forces. The typical unit processes in this category are screening, mixing, gas transfer, 
sedimentation, flotation, and filtration. The second category utilizes chemicals and 
chemical reactions, e.g., precipitation, coagulation, and disinfection. The third category 
consists of biological treatments, which are not typically used in drinking water produc- 
tion but in the wastewater treatment, in which activated sludge process or slow sand fil- 
tration are often used. The purpose of all of these unit processes is to produce water that 
is both biologically and chemically safe for human consumption, and there are innumer- 
able possible combinations to achieve that goal. 
Conventional water treatment of waters containing high amounts of total organic carbon 
(TOC) involving variable combinations of the above mentioned unit processes is able to 
reduce the amount of the natural organic matter (NOM) by 70 to 80% in high-TOC wa- 
ters4. During the conventional water treatment process, both the quality and quantity of 
the NOM are changed many times over. First, most of the high-molecular-weight NOM 
is removed during the coagulation-flocculation process followed by sedimentation or 
flotation, after which filtration improves further the water quality by removing the rest 
of the flocculated and even some of the dissolved compounds. Finally, the disinfecting 
chemical, such as ozone or chlorine, decomposes the dissolved NOM into smaller com- 
pounds, and these can cause problems in distribution system if they are not removed 
from the water. Permanganate oxidation is very effective in removing iron and manga- 
nese from water. 
There are many ways to achieve disinfection: chlorine, ozone, W, chloramines, chlo- 
rine dioxide, and combined disinfectants can all be used. Chlorine and ozone have been 
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used for water disinfection for over a century, while the use of other agents has gained 
more attention recently due to the potential health hazards of chlorinated water. Large 
amounts of disinfection by-products (DBPs), such as trihalomethanes (THMs), halogen- 
ated acetic acids (HAAs), and 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone 
(MX) and its brominated analogues are formed during chlorinati~n~-~. If bromide is pre- 
sent in the water, the formation of the DBPs is enhanced5. Ozonation, chloramines, and 
combined disinfection methods produce smaller amounts of the DBPs than chlorina- 
tion'-1°, while W treatment has not been found to produce any DBPS". It has been es- 
timated that the risks of microbial diseases from undisinfected water are 100 to 1000 
times greater than the risks posed by the DBPS". 
Due to the health-related effects, the lirnnits for many DBPs are regulated by the Euro- 
pean Union (EU), the United States Environmental Protection Agency (USEPA), and 
the World Health Organization  WHO)'^-'^. Bromate is classified as a possible human 
carcinogen16, and its limit value is set at 10 pg L-' by the EU and the USEPA based on a 
10~' risk level of 0.5 pg L-l, while the WHO has set a limit value of 25 pg L-' based on a 
10-' risk level of 3 pg L-l. Also the THMs have been classified as carcinogens or possi- 
blelprobable carcinogens. The limit value for the THMs has been set at 100 pg L-' by 
the EU, and to 80 pg L-' by the USEPA as the total concentration of the four most 
common compounds (chloroform, bromodichloromethane, chlorodibromomethane, and 
bromoform). The WHO provides a limit guideline for chloroform as 30 pg L-l, which is 
based on a 10-' additional risk if 2 liters of water per day are consumed. For HAAs, the 
USEPA has set a limit value of 60 pg L" for the total concentration of five compounds 
(monochloro-, monobromo-, dichloro-, dibromo- and trichloro acetic acids). 
2. LITERATURE REVIEW 
2.1 BROMIDE 
Bromide concentrations in the raw waters have been a cause of concern since the 
1970's. Bromide itself has not been found to cause any direct health problems, but when 
bromide-containing waters are treated with strong oxidants, such as ozone and chlorine, 
many organic and inorganic DBPs, such as bromate, THMs, HAAs, and haloacetoni- 
triles, are formed. Brominated DBPs are claimed to be even more harmhl than their 
chlorinated a n a l ~ ~ u e s ~ . ' ~ .  
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In Europe, the bromide concentrations in river waters have averaged around 70 pg L-l, 
and in groundwaters 140 pg L-' 18. In the USA, on the other hand, the bromide concen- 
trations in coastal rivers averaged around 210 pg L-', in river waters in general 101 pg 
L-l, and in groundwaters 96 pg L-' 19. In Finnish surface waters, the highest bromide 
concentrations were 680 pg L-' found in River Laihianjoki and 440 pg L*' in River 
~ i r p ~ u j o k i ~ ~ .  Natural sources of bromide include geologic erosion and salt water intru- 
si0n21,22 , while anthropogenic sources include agricultural runoff (0.01 - 6.0 mg L-' 
~ r - ) ~ ~ ,  heavy auto traffic and boating24, chemicals used for de-icing the roads25, and 
leaks from oil wells26. 
Bromide is not removed efficiently during conventional water treatment processes5, re- 
sulting in and increased bromide-to-TOC ratio and the formation of more brominated 
DBPs. However, bromide can be removed, e.g., by nanofilter~~~, to some degree by 
granular activated carbon/biologically activated carbon (GACIBAC) filtration2*, as well 
as e lec t ro~hemical l~~,  or by ion 
2.2 NATURAL ORGANIC MATTER 
NOM must be removed during the water treatment process to avoid the formation of 
DBPs and other problems, such as microbial regrowth in the distribution systems. NOM 
consists of a wide variety of compounds, which are formed mostly from decaying plant 
material. The main functional groups of the NOM include carboxylic acids, and pheno- 
lic hydroxyl, carbonyl, and hydroxyl groups32. Especially in the boreal regions (Scandi- 
navia, Russia, Canada, Northern USA), the amount of the TOC in natural waters can be 
as high as 50 mg L-' due to the effect of bogs and while elsewhere the 
TOC in fresh waters varies from 1 to 10 mg L-' 34, e.g. the average TOC in Finnish 
lakes has been estimated to be 12 mg L-' 33. In Norway, dissolved organic carbon 
(DOC) concentrations up to 160 mg/L have been observed35. Since surface waters con- 
tain high amounts of TOC, the use of groundwaters and the production of artificially 
recharged groundwaters are preferable36. The production of the artificially recharged 
groundwater has increased recently36, and it has been shown to improve both the chemi- 
cal and microbiological quality of the raw water and also to help in water processing in 
the water treatment 
20 CHAPTER 1 : GENERAL INTRODUCTION 
NOM is often divided into two main groups, humic and fulvic acids, which together 
comprise the "humic compounds" of the organic matter. However, many other chemical 
groups, such as simple sugars, amino acids, fatty acids, and hydroxy acids are also con- 
sidered as a part of NOM. Humic acids are generally considered to be larger than Mvic 
acids, but other distinctive characteristics have also been observed3'. Separation proc- 
esses of different humic compounds that have been tried in the past include precipita- 
tion, freeze concentration, liquid extraction, ultraflltration, anion exchange, and XAD 
resin, of which the XAD resin has been found to be the best The separation 
process using an XAD-8 resin is essentially as follows: 1) the water is filtered to remove 
suspended matter and is then acidified to pH 2 with HC1, 2) the NOM is concentrated 
using an XAD-8 resin, and the concentrated humic substances are eluted with NaOH 
and the water is acidified again, 3) the re-acidified sample is concentrated once more by 
passing it through a smaller XAD-8 resin column, and the low-molecular-weight or- 
ganic acids are removed using gel filtration, 4) the DOC of the re-concentrate from gel 
filtration is adjusted to 500 mg L^' DOC, and acidified to pH 1 with concentrated HC1, 
and after 24h the sample is centrifuged, and 5) at this point the humic acids are located 
in the precipitate and fulvic acids are in solution. A more detailed description of the 
separation method can be found in the article by Thurman and ~ a l c o l m ~ ~ .  The manu- 
facturing of the XAD resin has now terminated, and it has been replaced by the DAX 
resin. 
The possible size and structure of the organic matter have been studied using size exclu- 
sion chromatography, ultrafiltration, mass spectrometry and several other methods, but 
no unambiguous explanatory factors have been found so far, since both the quality and 
quantity of the organic matter seem to be highly dependent on local environment and 
conditions. Size exclusion chromatography has been found to be a good method for es- 
timating the molecular weight distribution in waters4245. It has been claimed that the 
molecular size of the NOM would be in the size range of 500 to 200,000 ~ a ~ ~ ,  but cur- 
rent understanding is that humic compounds can range from 500 to 10,000 Da in 
size47P8. It has been observed that most of the THMs, and possibly also the HAAs, are 
formed from organic matter size groups of <3000 Thus, by efficient coagulation 
and preoxidation which achieves a good removal of aromatic compounds and larger or- 
ganic molecules, the formation of DBPs can be reduced. 
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The W absorbance at the wavelength 254 nm (W254) can be used as a surrogate pa- 
rameter for DBP formation52. When the specific UV absorbance (SUVA) is used 
( ~ o o x u v ~ ~ ~ D o c ) ~ ~ ,  the aromatic content of the water can be e ~ t i m a t e d ~ ~ ? ~ ~ .  It has been 
proposed that from waters where the SUVA values are above 2 L mg-' m-', then NOM 
is well removed by coagulation53, which indicates that the SUVA values can be used 
when the treatment processes are planned and optimized for efficient NOM removal. 
2.2.1 Organic matter removal 
The NOM present in the surface waters places certain demands for water purification 
before disinfection to avoid the formation of the DBPs and to ensure the biological and 
chemical quality of the drinking water. The basic unit processes to remove organic 
compounds from the water are coagulation and flocculation, clarification, and filtration. 
During the coagulation and flocculation processes, the dissolved organic compounds are 
brought together by chemical and mechanical treatment. First, the chemical (the coagu- 
lant), is added to the water with rapid mixing to result in the formation of microflocs. 
The most widely used coagulant worldwide is aluminum sulphate, alum56. Also ferric 
salts, such as ferric have been used. Polyaluminum chloride has aroused a 
lot of interest as h Finland the use of ferric sulphate has almost completely 
superseded the use of alum as the coagulant6'. Second, the formed microflocs are 
brought together, flocculated, by mechanical mixing with blades or hydrodynamical 
mixing with walls situated in the basins. 
After the coagulation and flocculation processes, the formed flocs are removed by 
sedimentation or flotation from the water. Sedimentation is based on gravitational sepa- 
ration of the flocs from water, while in flotation, small air bubbles lift the flocs to the 
surface of the water basin. Dissolved air flotation (DAF) is replacing the conventional 
sedimentation basins, since it has a smaller requirement for space and it achieves more 
efficient organic matter removal. 
During the filtration step, the residual flocs and some of the dissolved organics still in 
the water are removed. Usually filters in drinking water production are one-layer rapid 
sand filters, but also double or multiple layer filters have been used. In addition to 
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(quartz) sand, anthracite is often used in the multiple-layer filters, and different grain 
sizes can be used as the components of multiple layers. 
2.3 DISINFECTION 
The main goal of disinfection is to remove pathogenic microbes from the water so as to 
ensure the delivery of good quality water to the consumers without compromising hygi- 
enic standards. Pathogen-contaminated water is often perceived as a problem restricted 
to underdeveloped countries, but some severe outbreaks of waterborne diseases have 
occurred in the industrialized countries as Even though disinfection has been 
praised as one of the major achievements of the 20" century, disinfection of drinking 
water cannot replace filtration in the fight against pathogens (see the review by Schoe- 
nen@), since some pathogens are not effectively removed by chlorination but they are 
retained onto the filters together with the particles to which they are attached. Thus, the 
sequential use of filtration and disinfection has been found to be a good combination to 
achieve safe drinking water. 
The disinfection efficiency (d.e.) can be evaluated by using the equation i: 
d.e. = c . t 
in which c is the concentration of the disinfectant (mg/L), and t the time which the dis- 
infectant concentration has been in the water (minutes). Disinfection has to be main- 
tained at a minimum residual concentration for a given time, e.g., 0.4 mg L-' x 12 ~ n i n ~ ~ .  
However, even though disinfection might be adequate for the most typical pathogens, 
the ct concept does not take into account the disinfection requirements of the more re- 
sistant microbes. The disinfection efficiency can be evaluated using the Chick-Watson 
equation (ii) 66367: 
(ii) 
in which No is the number of microorganism at time t = 0, N the number of vital organ- 
isms at time t, k the rate constant for the inactivation of a particular microorganism, c 
the concentration of a disinfectant, t the contact time, and n the fitting parameter for 
non-first-order behavior. 
There are may disinfection options, and all of the agents work in a somewhat different 
way in destroying the bacteria, viruses and protozoa. If alternative disinfectants to chlo- 
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rine are to be concerned, several criteria must be met: they must be 1) easily generated, 
2) effective as biocides, 3) easily measurable as the residual, 4) less DBP forming than 
chlorine, and 5) cost-effective. Many disinfecting agents are also very effective in oxi- 
dizing organic and inorganic compounds present in the water. The most typical disin- 
fection options and permanganate oxidation are discussed here. Tables 1-1 and 1-11 list 
the oxidation powers and relative effectiveness of various oxidizing compounds. 
Table 1-1. Relative oxidation power of various oxidizing species68. 
Species Oxidation potential (25OC), Va Relative oxidation powerb 
Hydroxyl free radical 2.80 2.05 
Ozone 2.07 1.52 
Hydrogen peroxide 1.77 1.30 
Permanganate ion 1.49 1.10 
Hypochlorous acid 1.49 1.10 
Chlorine 1.36 1 .OO 
Hypobromous acid 1.33 0.98 
Chlorine dioxide 1.275 0.94 
Monochloramine 1.16 0.85 
Hypoiodous acid 0.99 0.73 
a Relative to the hydrogen electrode 
Based on chlorine as reference (= 1.00) 
Table 1-11. Comparison of relative effectiveness of oxidants and  disinfectant^^^. 
l Oxidant Disinfecting effi- Oxidizing effi- Halogenation 
- - 
ciency ciency capability 
Chlorine High High Low 
Chlorine dioxide High High Low 
Monochloramine Low Low Low 
Ozone High High ZeroC 
Potassium permanganate Low High Zero 
Hydrogen peroxide Low Moderate Zero 
Bromine High Low High 
Iodine High Very low Low 
C except when bromide is present 
2.3.1 Chlorine 
Chlorine is the most commonly used disinfection chemical, since it is relatively easy to 
transport and store due to its stability, and it is quite inexpensive69. Chlorination has 
been used for the first time in 1854 by John Snow, who attempted to disinfect the Broad 
Street Pump water supply in London after an outbreak of cholera7'. Chlorination was 
first used in a practical way in 1886 during the typhoid fever epidemic in Pola, a harbor 
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town on the Adriatic sea71. Sims Woodhead, on the other hand, used "bleach solution" 
to disinfect the potable water distribution supply in Maidstone, Kent (England) follow- 
ing a typhoid outbreak in 1897 ". The first permanent system for water disinfection by 
chlorine was introduced in 1902 in Middelkerke, ~ e l ~ i u m ~ l .  
Chlorine can be added into the water as chlorine gas, sodium hypochlorite solution or in 
a solution prepared from dry calcium hypochlorite. All of the forms of chlorine are sta- 
ble, enabling pre-manufacturing and storing of the chemicals69373. The disinfection effi- 
ciency of chlorine is the greatest against bacteria and and chlorine (in the form 
of hypochlorous acid, hence, at a lower pH) penetrates easily through the negatively 
charged slime coating of microorganisms, destroying the pathogens74. However, proto- 
zoa, such as Giardia cysts and Cryptosporidium oocysts are highly resistant to chlo- 
r i r ~ e ~ ~ .  Apart from disinfection, chlorine is very efficient in removing color, taste and 
odor, controlling the formation of algae, removing iron and manganese, destroying hy- 
drogen sulfide, improving coagulation and maintaining clear filter media and water 
quality in the distribution 
The hydrolysis of the chlorine compounds used for water disinfection occurs via the 
following reactions (1 - 4)75376. 
Cl~(s) = Clz(aq) (1) 
C12(aq) + H20 f;. HOCl + Cl- + H+ ~ ~ = 4  X lo4 ( W  
NaOCl = ~ a +  + OC1- (2b) 
Ca(OC1)2 = ca2+ + OC1- ( 2 ~ )  
HOCl = H? + OC1- K, = 3 X 1 0 - ~  (3 
HOCl + H+ + ~ 2 0 ~ 1 '  Kf= l X lO" (4) 
Table 1-111 lists the fractions of reactive chlorine in different pH values. From the data it 
can be seen that hypochlorous acid is the most reactive species in typical water treat- 
ment conditions (circurnneutral pH). The relative disinfection/oxidation efficiency of 
HOCl to OC1- has been estimated to be 80:l 77,78. 
If bromide is present in the water to be chlorinated, it reacts with chlorine to form hypo- 
bromous acid (reactions 5 - 7)75, resulting in the formation of a wide array of DBPs, 
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since HOBr has been found to react much more rapidly than HOCl with the organic 
(and inorganic) compounds in the and HOBr has been found to be 25 times 
stronger than HOCl in its halogen substitution activitys'. Table 1-IV summarizes the 
reactive bromine species at different pH values using two bromide concentrations. 
Table 1-111. Fractions of total reactive chlorine and relative reactivities of chlorine spe- 
cies as a function of p ~ 7 6 .  
Chlorine Fraction of total reactive chlorine 
Species PH 2 PH 4 PH 6 PH 8 pH 10 pH 12 
cl2 0.025 3 x 1 0 ~  2 x 1 0 ~  7x10-' Ix Io-~~ 1 X 10-l6 
HOCl 0.975 0.999 0.974 0.270 0.004 4 X 10" 
OCI- 3 x 1 0 - ~  3x104 0.026 0.730 0.996 0.999 
H20CI' IXIO-~ I X I O - ~  IXIO-~ 3x10-l2 4x10- l6 4 x 1 0 " ~  
Relative reactivity 
cl2 25 0.25 2 X I O - ~  7 x  10" I X I O - ~  1 x 1 ~ - 1 3  
HOCl 0.975 0.999 0.974 0.270 0.004 4 1 o - ~  
OCI- 3x10-~O 3x10-* 2 . 6 ~ 1 0 ' ~  7 . 3 x 1 0 - ~  l x 1 0 4  l x 1 0 4  
H20Cl+ 1 .O IXIO-~ I x 1 0 4  3 x 1 0 - ~  4x10-'I 4 x 1 0 " ~  
Total Net 27,0 
Reactivity 1.26 0.977 0.270 0.004 1 X l o4  
HOCl + Br- + H+ = Br2 + H20 + Cl- (5) 
Br2 + H20 = HOBr + + Br- Kh=5.8 X 1 0 - ~  (6)  
HOBr = OBr- + H+ ~ , = 2  X I O - ~  (7) 
Table I-IV. Fractions of total reactive bromine species in water at two bromide concen- 
t r a t i o n ~ ~ ~ .  
[Brl= 4 pg1L PH 5 pH 6 pH 7 pH 8 pH 9 pH 10 
Br2 3 x 1 0 - ~  3x10" 3 x 1 0 - ~  3x10" 3 x 1 ~ '  3 x 1 0 - ' ~  
HOBr 1 .OO 1 .OO 0.98 0.83 0.33 5 X 10 -~  
OBr- 2 X 10" 2 X IO-~ 2 X IO-~ 0.17 0.67 0.95 
[Brl= 65 mglL pH 5 pH 6 pH7 pH 8 pH 9 pH 10 
Br2 0.32 4 . 6 ~ 1 0 - ~  ~ X I O - ~  4 ~ 1 0 ~  ~ X I O - ~  ~ X I O - ~  
HOBr 0.68 0.95 0.98 0.83 0.33 5 ~ 1 0 - ~  
OBr- 1 X 10" 2 X I O - ~  2 X 10" 0.17 0.67 0.95 
Chlorine forms many (halogenated) DBPs when reacting with the NOM in water. Thus, 
sufficient coagulation/flocculation and filtration steps should be taken place before 
26 CHAPTER 1 : GENERAL INTRODUCTION 
chlorination. Reactions between chlorine and NOM in aqueous solutions are very com- 
plex, and pathways 8 and 9 show simplified reactions between both chlorine and bro- 
mine with organic matter producing organo-chlorine and organo-bromine compounds. 
HOCl + NOM -+ TOCl (8a) and HOBr + NOM -+ TOBr (8b) 
OC1- + NOM -+ TOCl (9a) and OBr- + NOM -+ TOBr (9'3) 
However, both HOCl and HOBr also react with NOM without producing any organo- 
halogen compounds (reactions 10 and 11). 
HOCl + NOM -+ Cl- + NOM,, (10a) and HOBr + NOM -, B i  + N O N X  (lob) 
OC1- + NOM -+ Cl- + NO&, ( l  la) and OBr- + NOM -+ Br- + NOM,, ( l  lb) 
2.3.2 Ozone 
Ozone has been used for drinking water disinfection since 1893 when it was first ap- 
plied in Oudshoorn (the Netherlands) with successive ozonation plants in France, Ger- 
many, USA, and ~ u s s i a ~ ~ .  The large Bon Voyage water treatment plant in Nice, France, 
was established in 1906 and was able to produce 19,000 m3 d-' drinking water. Thus, 
France is often looked as the "home" of ozonation for drinking water treatment82. By 
1916, there were 49 ozonating water treatment plants worldwide and 26 of those were 
located in ~rance '~ .  Today there are more than 2000 facilities using ozone in drinking 
water production throughout the 
Ozone is one of the most potent and effective germicides used in water treatment68"5. It 
is very effective against microorganisms86387, and the inactivation efficiency is not af- 
fected by pH or temperature (see the review by ~ i n r n a n ~ ~ ) .  Ozone oxidizes the outer 
shell of microorganism, and may also oxidize the nuclear material6'. Ozonation is ef- 
fective in reducing taste, odor, and It is also an efficient aid to the coagula- 
tion pro~ess65392~9'. Preozonation prior to chlorination is able to reduce the amount of 
DBP precursors of THMs, HAAs, haloacetonitriles, total and adsorbable organic hal- 
ides, and m ~ t a ~ e n i c i q ~ - ' * ~ .  
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Since ozone is a very unstable gas, it must be formed on-site with specific generators 
using oxygen or (synthetic) air as the production gas, more ozone is produced if oxygen 
is used65. Since ozone decomposes very rapidly in water86"03-'05 , it should not be used 
for secondary disinfection. 
The pH-dependent ozone decomposition (decreases 10-fold per pH unit) and hydroxyl 
radical formation in water are shown in reactions 12-17106-'08. Ozone decomposition and 
its reactions in water have been discussed in detail in the book of Langlais et al.65 and in 
recent reviews by von ~ u n t e n ' ~ " ~ ,  thus only main reaction pathways are shown here. 
0 3  + OH- + HO< + 0 2  
0 3  + HOi  + -OH + 02 ' -  + 0 2  
0 3  + 02'-  -+ 03'- + o2 
pH <8: 03.- + H+ + H03' 
0'- + H20 + 'OH + OH- 
'OH + O3 -+ H02' + O2 
There are some inhibitors, which can prevent the formation of the superoxide anion 
(02.-) and if these are present in water, the chain reaction for accelerated ozone decom- 
position is reduced, and, thus, there is stabilizing of the molecular ozone in   at er'^^-'^^. 
Such compounds include a fraction of NOM and carbonatelbicarbonate ions (reactions 
18 and 19)'09~1". 
'OH + NOM -t NOM' + H20 (184 
NOM' + 0 2  + NOM-02' + no 02'- formation (lab) 
'OH + ~ 0 ~ ~ -  + CO3'- f OH- k =  3.9 X 10' M-' S-' (19a) 
'OH + HCO; -+ CO3'- + H20 k =  8.5 X 106 M-' S-' (19b) 
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Ozone reacts with NOM both via a molecular mechanism (reactions 20 and 21) and via 
a radical mechanism (reactions 22a and b) depending on the pH and whether other oxi- 
dants, such as hydrogen peroxide, are present leading to the production of several types 
of oxidized NOM, and enhanced ozone decomposition via radicalss7. Ozonation does 
not produce halogenated DBPs, except in the presence of bromide ionlo1'12, which re- 
sults in bromate formation. 
0 3  + NOMl-+ NOMlox 
0 3  + NOM2 + NOM~+' + 03.- 
'OH + NOM3 + NOM3' + H20 or NOM3' + OH- 
+ 0 2  + NOM - 02. + NOM~' + 02'- 
Ozonation results in the formation of small-molecular-weight organic compounds, such 
as aldehydes, ketones, and organic acids'03113. Those compounds are found to be more 
biodegradable than their precursors1143115. Also, a general reduction in the molecular 
weight fractions (from large to small) in humus has been observed to occur after ozona- 
tion102,116 
2.3.3 Chloramines 
Chloramines are formed on-site by the sequential addition of chlorine (hypochlorous 
acid) and ammonia or ammonium chloride'l7, or a preformed monochloramine can be 
used. If chlorine is added first, it reacts with the organic matter in the water, resulting in 
a greater amount of DBPs than if the addition is made vice versa, i.e., the ammonium is 
added first and in excess, when the free chlorine is combined immediately with the am- 
monium goup5. The most often used form is mon~chloramine'~. Chlorine reacts in 
water with ammonia-N according to reactions 23 - 25. The reactions between organic 
N-compounds are considered to be analogous to the reactions of ammonia with chlorine 
(reaction 26)'". 
HOCl + NH3 = NH2Cl (monochloramine) + H20 
NHzCl+ HOCl = NHC12 (dichloramine) + H20 
NHC12 + HOCl = NC13 (trichloramine) + H20 
HOCl + RNH2 + RHNCl t- H20 
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Monochloramine has a much lower tendency to react with organic compounds present 
in water than chlorine119. This results in less taste and odor causing compounds69, and 
also less DBP formation except for cyanogen ~ h l o r i d e ~ ~ , ' ~ ~ , ' ~ ~  . If chloramines are used 
for disinfection, a stable disinfection residual can be maintained over quite a long period 
of time'22,123 
Monochloramine is more effective than free chlorine in controlling biofilms, colifonn 
bacteria, and Cryptosporidium parvum o o ~ ~ s t s ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  . However, for disinfection pur- 
poses, free chlorine is 2.5 to 200 times more efficient than monochloramine, depending 
on the microorganism in question72. The organic chloramines have been found to have 
no disinfective effect on Esherichia ~ o l i ' ~ ~ .  
When bromide is present in water containing both chlorine and ammonia, bromamines 
are formed via reactions 27 - 33 lZ6. The formed bromamines react with the organics 
producing DBPs similar to chloramines, and they are found to be more efficient disin- 
fectants than ~hlorarnines'~~. Kovacic et have made a detailed study about the 
chemistry of N-bromamines and N-chloramines, from which the typical reactions and 
reaction products can be found. Bromamines can be used for prevention of bromate 
formation during ozonation due to the inhibiting effect of 
HOBr + NH3 =- NH2Br + H20 kq = 3.0 X 101° (27) 
HOBr + NHzBr = NHBr2 + H20 kq = 4.7 X 108 (28) 
HOBr + NHBr2 = NBr3 + H20 Keq = 5.3 X 106 (29) 
NH2Br + NH2Br -+ NHBr2 + NH3 (30) 
2NH2Br + H+ + NHBr2 + N H ~ +  (3 1) 
N&+ + NHBrz -+ 2NHzBr + H+ (32) 
NH3 + NHBr2 -+ 2NH2Br (33) 
2.3.4 W treatment 
UV treatment was first used for drinking water disinfection in the early 1 9 0 0 s " ~ ~ ~ ~ .  
However, the use of UV treatment has increased only recently, today the world's largest 
UV facility is located in Helsinki,  inland^^. UV treatment is often used for disinfection 
in small surface water treatment plants and groundwater plants1 
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Inactivation of bacteria and viruses is very efficient with relatively low UV fluences, but 
much higher fluences are required for protozoa, such as Cryptosporidium and Giar- 
diall,131,132 
. When a microorganism absorbs UV light this evokes DNA breakage pre- 
venting the bacteria from multiplying. Its effect is proportional to the intensity (w/cm2) 
multiplied by the time of exposure (seconds) and is dependent on many other factors 
such as the flow rate and the transmission efficiency of the However, the so 
called photoreactivation is possible11~129 if the water is exposed to natural light after UV 
treatment, thus nullifying or reducing the effect of disinfection. A typical UV fluence to 
achieve a 90% inactivation in bacteria and viruses is less than 10 mWs cmm2 = 10 mJ 
cm-2 11 
, and an UV fluence of 25 to 35 mJ cm-2 has been proposed to be adequate for 
water di~infection'~~. 
UV light is generated with low or medium pressure UV lamps. The low pressure lamps 
emit a light with a peak intensity at wavelength 254 m ,  which is close to the maximum 
germicidal wavelength of 260 m ,  while the medium pressure lamps emit W light with 
a broader In contrast to the other methods discussed here, UV is primar- 
ily a physical disinfectant, the other methods being mainly chemical. UV treatment is 
one of the "safest" disinfection methods, since it does not produce DBPs when conven- 
tional W fluences are . Similar to ozone, W treatment requires application 
of a secondary disinfectant for residual concentration in the distribution system. 
2.3.5 Combined disinfectants 
All of the above mentioned disinfectants can be used in combination with others, e.g., 
03/H202, WIH202, and o ~ / U V ~ ~ ~ ~ ~ - ~ ~ ~  have been used successfully for the removal of 
pesticides, pharmaceuticals etc. from polluted water, but they have been less used in 
drinking water production. Those processes are typical advanced oxidation processes 
(AOPs), which result in high concentrations of hydroxyl radicals137, which are capable 
of oxidizing the compounds very unselectively in the water. Combined disinfectants can 
be used for primary and secondary disinfection, but also a synergistic effect for primary 
disinfection is possible. The formation of the DBPs is usually lower than that found af- 
ter the use of individual disinfectants. 
Hydrogen peroxide and ozone 
Hydrogen peroxide combined with ozonation is an AOP, which is often used to remove 
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pollutants, such as chlorinated ethylenes, pesticides, methyl tert-butyl ether, and phar- 
maceuticals from   at er^^^,^^^-^^^ . It has also been used to increase the decomposition of 
NOM144-"?6 
Similar to ozone alone, also hydrogen peroxide-ozonation is a very effective germicide 
used in water The DBP formation during the process is similar to the 
use of ozone, and the use of 03/H202 has been found to be more effective in removing 
DBP precursors than ozone alone149. However, if hydrogen peroxide-ozonation is ap- 
plied with a constant ozone residual, an increase in the hydrogen peroxide concentration 
has been observed to increase bromate formation in bromide-containing waters, while 
hydrogen peroxide addition at a constant ozone dose has reduced the bromate yield150. 
Ozone reacts only marginally with HzOz, but if H O i  is present, then ozone decomposi- 
tion becomes greatly accelerated (reactions 34 - 36)'06. 
H202 + H20 = H ~ O +  HO; pK H202: 1 1.6 (34) 
very slow 
0 3  + H202 -----+ kOs, H202 <10-' M-' S-' (35) 
fast 
O3 + HO; k03, H O ~  = 5.5 X 106 M-' i1 (36) 
Hydrogen peroxide (hydroperoxyl ion) is able to reduce hypobromous acid back to 
bromide, resulting in the formation of lower amounts of brominated DBPs (reaction 
37j87. 
HOBr + H O i  -, Br- + H20 + 0 2  k = 7.6 X 108 M-' S-' (37) 
2.3.6 Potassium permanganate 
Potassium permanganate is not an efficient However, it can be used to 
control taste and odor, and to remove color, iron, manganese, and endotoxins 72,91,152 
from water instead of chlorine or other strong disinfecting chemicals. On the other 
hand, if potassium permanganate is used for pretreatment, the DBP formation during 
chlorination can be whereas it has not been found to form DBPs when 
used alone72. 
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2.3.7 Disinfection by-products 
Reactions between NOM and disinfecting or oxidating chemicals, in the presence or 
absence of bromide, result in the formation of many harmful and unwanted DBPs, 
which can be halogenated or non-halogenated. The chosen disinfection option has the 
most significant effect on DBP formation, since chlorination is observed to cause the 
most DBP formation, while other methods (including ozone, chloramines, W) produce 
only some of those compounds. Many of the compounds and compound groups are 
regulated by legislation13-15 due to their adverse health-effects on consumers. 
In the chlorination process, THM formation is widely used as a surrogate for other 
DBPs. Ozonation produces many small-molecular-weight organic compounds, but the 
only halogenated species are those containing bromide. Chloramination has been found 
to form similar DBPs as chlorination though they occur at lower concentrations, while 
the formations of cyanogen chloride and bromide are enhanced. UV treatment and 
KMn04 oxidation have not been found to cause the formation of DBPs. Table I-V lists 
the most commonly detected DBPs after disinfection. 

























Chloroform (CHC13), bromodichloromethane (CHCI2Br), chlorodibromomethane 
(CHCIBr2), bromoform (CHBr3), dichloroiodimethane (CHCI21), dibromoio- 
domethane (CHBr21) 
Monochloro acetic acid (MCAA), monobromo acetic acid (MBAA), dichloro acetic 
acid (DCAA), dibromo acetic acid (DBAA), bromochloro acetic acid (BCAA), 
bromodichloro acetic acid (BDCAA), chlorodibromo acetic acid (CDBAA), tri- 





Bromo acetonitrile (BAN), chloro acetonitrile (CAN), bromochloro acetonitrile 
(BCAN), dibromo acetonitrile (DBAN), dichloro acetonitrile (DCAN), tribromo 
acetonitrile (TBAN), trichloro acetonitrile (TCAN), bromodichloro acetonitrile 
(BDCAN), chlorodibromo acetonitrile (DBCAN) 
(Ha1o)aldehydes (C1 - C14), (halo)ketones, chlorophenols, bromophenols, halo- 
nitromethanes, haloalcohols, haloacetates, halopyrroles, halobenzoic acids, tri- 
halomethyl, haloaromatics, halomethanes, halonitromethanes, organic acids, 
esters, benzaldehydes, benzonitriles, amides, alkanes 
Hypochlorite ion, hypochlorous acid, chlorate, cyanogen chloride and bromide, 
chloro and bromopicrin, chloral hydrate, (mixed) halamines, haloamides, bromite 
CHCI3, CHCI2Br, CHBr3, CHBr3, CHC121, CHBr21 
MCAA, DCAA, TCAA, BCAA, DBAA 
DCAN, DBAN, TCAN 
(Halo)ketones, (ha1o)aldehydes (Cl - CI4) 
Ammonia, chloropicrin, cyanogen chloride and bromide, (mixed) halamines 
Favoring conditions 
High pH, high TOC, high 
chlorine dose 
Low pH, high TOC, high 
chlorine dose 
High TOC, improper or- 
ganic matter removal 
High bromide concentra- 
tion, high TOC, high pH, 
high ozone dosage, tem- 
perature, alkalinity, amount 
of dissolved ozone 

























CHBr3, bromoacetonitriles, brominated acetic acids, brominated acetones, bro- 
mobenzenes, bromohydrins, bromamines, (bromo)ketones, (bromo)aldehydes 
(Cl - CI4), bromopicrin, bromoalkanes, bromohydrins 
Aldoacids, ketoacids, dicarboxylic acids, aldehydes (C1 - Cl4), dialdehydes, car- 
boxy aldehydes, carboxylic acids, aliphatic dibasic acids (C4 to C1O), aliphatic 
monobasic acids (C2 and higher), carboxyphenylglyoxilic acids, fatty acids (Cg - 
C14), organic peroxides, glyoxal, methyl glyoxal, biodegradable organic matter 
Bromate (BrOi), bromite, hypobromous acid, hypobromite, cyanogen bromide, 
bromopicrin, bromohydrin, nitrate, Mn04, H202, hydrogen peroxide 
CHBr3, MBAA, DBAA, DBAN 
Glyoxal, methyl glyoxal, aldehydes (C1 - C14), fatty acids (Cg - C14) 
Br03, hydrogen peroxide 
CHC13, CHCI2Br, CHBr3, CHBr3 
MCAA, MBAA, DCAA, TCAA, BCAA, DBAA, TBAA 
DCAN, BCAN, DBAN, BDCAN, DBCAN, TBAN 
(halo)alkaneslalkenes, (halo)aldehydes, (halo)ketones, (halo) carboxylic acids, 
(halo)alcohols, (halo)nitromethanes, aldo and ketoacids, dicarbonyls 
Nitriles, halamides 
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Bromate 
It has been found that threshold levels of both bromide concentration and ozone dose in 
bromate formation are ~ a t e r - s ~ e c i f i c ~ ~ ' ~ ~ .  Bromate concentrations in European drinking 
waters have been found to range from below the detection limit to 20 pg L-l, with most 
being below the EU limit value of 10 yg L-l 1703171 . Bromate can be present also in hy- 
pochlorite solutions as an imp~rity172,173, but no detectable concentrations (detection 
limit 10 yg L - ' ) ' ~ ~  or only small amounts (0.05 - 7.7 pg L - ' ) ' ~ ~  have been observed in 
finished drinking water. However, in the latter the observed bromate concen- 
tration (7.7 pg LW') is close to the health-based limit value set by the EU and the 
USEPA, thus the bromate concentrations in the hypochlorite solutions should be moni- 
tored frequently to avoid negative health effects for consumers. On the other hand, 
chlorination of sea water did result in significant amounts of b r ~ m a t e ' ~ ~ ,  but this result 
is not relevant for drinking water production, since sea water can not be used as the raw 
water without prior desalination. Also, monochloramine treatment of brornide- 
containing waters has been shown to result in bromate f ~ r m a t i o n ' ~ ~ .  Many research 
groups have developed models to estimate the formation of bromate during water treat- 
ment processing 150,176-180 
Bromate formation during water treatment processes requires the presence of dissolved 
ozone in the water181, which reacts with OBr via reactions 38 - 41 11231503'82-184. 
When hydroxyl radicals are present in the water, bromate can also be formed due to the 
synergistic effects of molecular ozone and hydroxyl radicals (reactions 42 - 51), and 
hypobromous acid is formed (reaction 52)174~183,185,186. 
Br- + 'OH = BrOH' 
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BrOH- + H? = Br' + H20 L = 1.06 x 10' M-' S-' (43) 
k- = 1.36 S-' 
Br. + 0 3  -+ BrO' + 0 2  k =  1.5 x IO'M-' S-' (44) 
Br'+ Br- -+ Br2*- k =  101° M-' S-1 (45) 
Br2-- + Br2'- -f Br- + Br3'- k = 2 x l ~ 9  M-' S-' (46) 
Br; + BrO -+ BrO' + 2Br- (47) 
BrO. + H20 -+ BrO- + BrO; + 2H? (48) 
BrO' + BrO; -+ Br02 + BrO- (49) 
OH- + BrO; -+ BrOz + OH- (50) 
2Br02 + H20 -+ BrOY + Br03- + 2H? (51) 
Br3-- + H20 -+ HOBr + 2Br- f H? (52) 
Reduction strategies for bromate formation are listed in Table l-VI. 
Table 1-VI. Strategies for preventing bromate formation during ozonation. 
l Strategy References 1 
- - 
pH reduction 1,8,10,112 
Ammonia addition 1,8,10 
Ozonation at a higher DOC 171,187,188 
Addition of OH radical scavengers* 181,183,189 
Using a denitrifying bioreactor 190 
Catalytic bromate destruction 191 
Hydrodynamics and geometry 181,192,193 
"such as ethanol, formate, acetate, oxalate or glucose 
Once bromate is formed, it can be removed from water by activated carbon, high-energy 
28,194-197 
electron beam radiation, UV irradiation, or by ferrous iron reduction 
Trihalomethanes 
The formation of the THMs from chlorinated samples was first verified in 1974156,'98. 
The chlorination of fulvic acid has been found to result in more THM formation than 
that of humic acid199. The THMs are the most often found DBPs in chlorinated waters, 
and they can be used as surrogate parameters in the estimation of total DBP yield in dif- 
ferent waters after chlorination. Chloroform is the dominant species in bromide-free 
waters, but when bromide is present, more bromine-containing THMs are formed. Many 
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research groups have developed models to estimate the formation of THMs during wa- 
ter treatment processes and for their measurement in distribution systems52,'76~200~209. In 
a study of THMs levels present in tap water and blood, it was found that the THM con- 
centrations were three orders of magnitude lower in the blood than in the tap water, and 
inhalation and dermal exposure to THMs during showering increased the THM concen- 
tration in the blood by approximately 4-fold2". THM concentrations in Finnish drinking 
waters have been observed to range from below the detection limit to 103 pg L-' (aver- 
age 26 pg L-') when surface water was used as the raw water, and from below the de- 
tection limit to 13 pg L-' (average 6.3 pg L-') when artificially recharged groundwater 
was used2". In two out of 35 water works studied, the THM concentration exceeded 50 
pg L-l, and in one of those the value was 100 pg L-' 211, which is the limit value for the 
THMs in the EU. Table l-V11 lists the observed THM concentrations in several coun- 
tries. 
Bromide has been found to increase the formation of the THMs. For example, in lake 
water containg 2-mg Br-, the brominated THMs (bromodichloromethane, chlorodi- 
bromomethane, bromoform) were found to account for up to 97% of the total THM 
c~ncent ra t ion~ '~ '~ '~ ,  with bromoform being the predominant compound (up to 52% of 
the THMs). Bromoform formation has been found to be greater than chloroform forma- 
tion with bromide concentrations in a range 175 - 550 pg L-' Table l-V111 lists 
the strategies used for reduction of the THM formation during water treatment. How- 
ever, if water contains bromide and enhanced coagulation is used, the bromide-to-TOC 
ratio increases, enhancing the formation of brominated T H M S ~ , ~ ' ~ .  
Mutagenicity and w o r m a t i o n  
Chlorination of hurnic waters produces mutagenicity. The potential for mutagenicity has 
been shown to be similar after chlorination of humic and fulvic acids6. Several dozens 
of potential mutagens have been identified from drinking waters, including (halogen- 
ated) acetic and carboxylic acids, aromatic compounds, furanones, aliphatics, ketones, 
alcohols, ethers, methanes, alkanes and alkenes, nitriles, amides, and arnines6321732'8. 
Bromide-containing waters have been found to be more mutagenic than bromide-free 
waters17. 
the water source is not known; mw = mixed ground and surface water; "variation of 6 - 
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ferent countries. 
191 pg L" B r  depending on study area 
Country I Area Average THMs (pg C') Reference 
European Union 77.7 (SW) 17.6 (gw) 219 
Finland 26 (SW) / 13 (aw) 21 1 
Ireland 32 (nk) 220 
Czech Republic 8 (SW) 221 
Greece 16 (SW) 222 
Spain 45 (SW and gw) 223 
Israel 150 (SW) 1 85 (M) 212 
Canada I general 19 (nk) (winter) 224 
54 (nk) (summer) 
Canada I Quebec 62 (SW) 225 
USA I general 40 (n k) 120 
60 (SW) / 19 (gw) I 33(mw) 226 
USA I Massachussetts 39 (SW) 227 
USA I North Carolina 40 (SW) 228 
USA I Utah 31 (SW) 229 
Australia 70* (SW) 230 
Korea 13 (SW) 231 
Vietnam 20 (gw) 232 
SW = surface water; gw = groundwater; aw = artificially recharged 
The Ames mutagenicity assay with Salmonella typhimurium strain TA100 without 
metabolic activation has proven to be a good way to estimate the direct acting muta- 
genicity of drinking   at er^^^,^^^-^^^. The Ames Salmonella assay has been proven to give 
good reproducibility in its the results, it has good sensitivity, is rapid and simple, re- 
quires only minimal resources (money and personnel), and there also is a large database 
available for comparison244. 
groundwater; nk = 
MX, 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone, is the most potent known 
mutagen in drinking water, and was first found from chlorinated pulp liquors by 
Holmbom et al.245. Since then it has been found from the drinking waters throughout the 
world, corresponding up to 2% of the total m ~ t a ~ e n i c i g ~ ~ ' ~ ~ ~ .  The TAlOO strain without 
metabolic activation has been found to be several times more sensitive for mutagenicity 
induced by the MX than other strains (TA92, TA97, TA98, TA102, TA1535, and 
TA1537) of S. typhimurium. A 70 - 90% reduction in TAlOO mutagenicity resulting 
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from the MX was observed in the presence of metabolic a~tivatior?~~. In the waters 
containing bromide, brominated MX compounds, which are known to be more muta- 
genic than MX, are MX and its three brominated analogues are presented in 
Figure 1 - 1. 
Table l-VIII. Strategies for reducing the trihalomethane formation during water treat- 
ment processes. 
Strategy Reference 
Ammonia addition 233 
pH reduction 200,214,234 
Preozonation 21 5,235,236 
GAC filtration 205 
Coagulation 205,234,237-239 
Dissolved air flotation 240 
Ion exchange 205,238 
Nanofiltration 216 
Permanganate oxidation 154 
Figure 1-1. The four M'X analogues. (MX = 3-chloro-4-(dichloromethy1)-5-hydroxy- 
2(5H)-furanone; BMX-l = 3-bromo-4-(dichloromethyl)-5-hydroxy-2(5~-furanone; 
BMX-2 = 3-chloro-4-(dibromomethyl)-5-hydroxy-2(5H)-furanone; BMX-3 = 3-bromo- 
4-(dibromomethyl)-5-hydroxy-2(5H)-furanone) 
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2.4 BROMIDE IN FINNISH DRINKING WATERS 
The concentrations of bromide in Finnish drinking waters have been studied in the year 
1998 2. Table 1-IX lists the results obtained during that study. The analyses of the sam- 
ples were made by the same methods as those utilized in studies I - V. Bromate could 
not be analyzed in the Laboratory of Chemistry at that time, thus, no bromate results 
were available. The water works were chosen to obtain a representative sample of the 
largest surface water works in Finland including also the largest water works using arti- 
ficially recharged groundwater and groundwater. One selection criteria was the as- 
sumption of high bromide concentration. Those water works represent 54% of the dis- 
tributed drinking water in Finland. Of those water works, 15 use chlorine either in the 
form of hypochlorite solution or as chlorine gas (SW1 - SW3, SW6, SW1 l ,  SW12, 
SW15 - SW18, A w l ,  AW2, GW1 - GW3), one uses monochloramine (SWIO), four 
use a combination of chlorine and monochloramine (SW7, SW8, SW14, SGl), one 
utilizes a combination of chlorine dioxide, hypochlorite and monochloramine (SW5), 
one water works disinfects with ozone and monochlorarnine (SW9), and two use UV 
treatment with monochloramine (S W4, SW 13). 
3. AIMS OF THE STUDY 
The aims of this study were to evaluate 
1. the effect of different oxidation or disinfection methods (ozone, chlorine, hydrogen 
peroxide and permanganate) on the decomposition of aquatic humus. 
2. the effect of bromide on the formation of bromate, THMs, and mutagenicity. 
3. the effect of ozonation on the formation of bromate in two bromide-containing wa- 
ters. 
4. alternative ways to prevent the formation of brominated DBPs. 
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1. ABSTRACT 
The effects of ozone, chlorine, hydrogen peroxide, and permanganate on the aquatic 
humic matter with different molecular size fractions and the organic acid formation in 
drinking water treatment were studied. Aquatic humus in lake water (LW), artificially 
recharged groundwater (AW), and purified artificially recharged groundwater (PW) 
were fractionated by high-pressure size-exclusion chromatography (HP-SEC) with W- 
254 nm detection before and after oxidation, a technique which resulted generally in 
seven peaks. The sum of the molecular size fractions (SMSF) of the LW was reduced by 
47% during the bark51tration process, and the SMSF of the AW was reduced by 55% 
during the process in the water treatment plant. The oxidation of the AW resulted in re- 
ductions in the range of 18 to 35% of the SMSF; the respective range of the PW was 15 
to 69%. However, the content of the total organic carbon (TOC) reduced only slightly, 
and a high correlation between the TOC and the SMSF (0.911) was observed in the 
whole material. The greatest decreases appeared in the highest-molecular-weight frac- 
tions while the low-molecular-weight fractions remained nearly unchanged. The total 
content of the six organic small-molecular-weight acids (SOA) (formate, acetate, propi- 
onate, pyruvate, oxalate, and citrate) varied between 0.1-5.1 % and 0.1-9.7% of the re- 
duced TOC in the AW and the PW, respectively. The formation of the SOA, especially 
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of oxalate, was the greatest after hydrogen peroxide combined with ozonation (as much 
as l l00 pg/L), while chlorination resulted in the SOA of less than 50 pg/L. 
Key words: Ozonation, chlorination, aquatic humus, molecular size distribution, or- 
ganic acids, drinking water 
2. INTRODUCTION 
Humic substances in water reacts with oxidative chemicals and results in undesired by- 
products (for example during the disinfection process). The oxidized material then rep- 
resent nutrients for microbes in water distribution systems. These are the main reasons 
for the removal of the humic substances from drinking water. Humic substances are 
ubiquitous in all surface waters, especially in boreal regions. The production of artifi- 
cially recharged groundwater is an effective technique to remove humus from the sur- 
face water. Depending on the technique used, the water still contains humus and, hence, 
needs further purification. Some of the humus is removed in the waterworks by floccu- 
lation and sedimentation after precipitation, but the rest should be removed by other 
methods, such as oxidation, before releasing the water to the distribution system. 
Changes in aquatic humus have been shown to cause changes in reactivity1, the forma- 
tion potential of disinfection by-products24, and microbially available carbon5. 
The total amount of aquatic humus (total organic carbon, TOC) is analyzed by burning 
the organic matter in the water sample to CO2, which is then analyzed by an infiared 
analyzer. If one wishes details on the structure of the extremely complex humus matter 
there are many techniques, for example ultra f i l t rat i~n~,~,  membrane filtration8, biofil- 
trationg, acidity measurementlO, measurement of the degree of aromati~ity",'~, and dif- 
ferent c h r o m a t ~ ~ r a ~ h i c ~ ~ ~ ~ . ' ~  and mass-spectrometric techniquesl4 which can be em- 
ployed. The acidic character and strong UV-absorbance of humus can be used for quan- 
tification. One highly visual method to analyze changes in the quality and quantity of 
the aquatic humus is to measure the molecular size distribution by high-pressure size- 
exclusion chromatography (HP-SEC) and  detection'^^'^^'^. However, HP-SEC is not 
effective for the analyses of small-molecular-weight (acidic) compounds, which are 
possible degradation products of hurnus16. If also small organic carboxylic acids are 
measured in addition to the HP-SEC fractions, it is possible to achieve a reasonably de- 
tailed knowledge of the changes in the quality of humus. 
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We studied the effect of chlorine, ozone, hydrogen peroxide, and permanganate on the 
molecular size distribution of the aquatic humus and the formation of organic acids in 
artificially recharged groundwater and in fbrther purified water. 
3. MATERIALS AND METHODS 
3.1 WATER USED IN THE EXPERIMENTS 
The water used in the experiments was artificially recharged groundwater (AW) made 
fiom Lake Kallavesi by bank filtration17. The AW was further processed by coagulation 
(with A11(S04)~), flotation, and sand filtration in the Kuopio waterworks to produce pu- 
rified water (PW). 
3.2 EXPERIMENTAL PROCEDURES 
The treatment train of our study is described in Fig. 2-1. The water was treated either 
during the fall 1998 or the summer 1999. Both the AW and the PW were treated using 
four different chemical oxidative agents partly alone or in combination (chlorine, ozone, 
ozone followed by chlorine, hydrogen peroxide with ozone and chlorine, and perman- 
ganate plus chlorine). The PW was ozonated also at three different pH values, four dif- 
ferent alkalinities and two different temperatures. Chemicals and doses for different 
tests were selected to simulate current practice at Eull-scale treatment plants. 
Chlorination. The pH of the water (15 L) was adjusted to 8.5 with 1M Ca(OH)2 solution 
before the chlorination. The desired NaOC1-dose was Cl2:TOC = 1:3, except for the 
second ozone-chlorine experiment (Table 2-11). The residual chlorine concentration was 
measured after one hour, and the samples were taken after 96 hours of reaction time at 4 
"C. 
Ozonation. The ozonation was carried out with a pilot-plant consisting of an ozone gen- 
erator, a column ( l8  L), a water pump, analyzers for dissolved and gaseous ozone, and 
computer programs for recording the dad8.  
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a. 
Artificially Recharged Groundwater 
Artificially Recharged Groundwater 
AW 
TOC = 7.4 mg/L 
I 
Processes at the 1 
1 Waterworks 1 
Purified Artificially Recharged Groundwater 
PW 
TOC = 3.1 mg/L 
Figure 2-1. The treatment train of the water used in the experiments. The treatment of 
(a) the artificially recharged groundwater (AW) and (b) the purified artificially re- 
charged groundwater (PW). Both figures: Cl2 = chlorination; O3 = ozonation; HzOz = 
hydrogen peroxide addition; KMn04 = oxidation; T = higher temperature; pH = higher 
pH; and alkalinity = higher alkalinity. 
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Hydrogen peroxide. The appropriate amount of hydrogen peroxide was added to the 
water before ozonation. The ratio was calculated as mg H202/mg 03. The concentration 
of the H202 was measured by a titration methodI9. 
Potassium permanganate was added to the water three hours before chlorination. The 
KMn041Mn ratios used were 2, 3, and 4. 
Alkalinity was adjusted with either 1 M CaC03 or 1 M NaHC03 solution, and it was 
measured according to the Finnish Standard SFS 3005 20. 
TOC was measured according to the Finnish Standard SFS-EN 1484 21 
HP-SEC method. Molecular size distribution of organic matter was measured by the 
method of Vartiainen and CO-workers13: HP-SEC using a TSK G3000SW column (7.5 
mm X 30 cm; pre-column TSK SW, 7.5 mm X 7 cm) with UV-detection at 254 nrn 
with sodium acetate buffer (pH 7) as the eluent. The sum of the molecular size fractions 
(SMSF) was calculated as the sum of the peak areas (expressed as absorption units X 
seconds, AUxs). The calibration of the HP-SEC system has been presented ear~ier '~, '~. 
Organic acids. The organic acids measured were formate, acetate, propionate, pyruvate, 
oxalate and citrate. The sum of organic acids (SOA) was calculated. The measurements 
were conducted with series 4000 I ion chromatography (IC) instrument (Dionex, Sun- 
nywale, CA, USA) with the Ionpac AGl1-HC Guard Column (4x50 mm), and Ionpac 
AS11-HC Analytical Column (4x250 mm). Anion Trap Column (ATC-1) was used for 
eluent clean up. An On-Guard p cartridge was installed on-line between the autosam- 
pler and the sample loop (392 pL). The self-regenerating suppressor was ASRS- 
ULTRA (4-mm). As a preservative, 0.2% (vlv) CHC13 was added to the samples before 
analyzing. The IC run program consisted of equilibration (1 mM NaOH for 9 min), in- 
jection, isocratic analysis (1 rnM NaOH for 8 min), and three gradient phases (from 1 to 
15 mM NaOH during the following 10 min, from 15 to 30 mM NaOH during the next 
10 min, and from 30 to 60 mM NaOH during the last 10 min). The eluent flow rate was 
1.5 mymin. The sample was loaded to the sample loop with a flow of 1 mL1min during 
the equilibration period. The limits of quantitation for the organic acids studied were 
(calculated as 10 times the standard deviation of 6 replicates of a low concentration 
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standard): formate 5.9 &L, acetate 8.7 pg/L, propionate 4.0 pg/L, pyruvate 6.4 pg/L, 
oxalate 3.7 yg/L, and citrate 7.8 pg/L. 
4. RESULTS 
Table 2-1 lists the characteristic values of the lake water (LW), artificially recharged 
groundwater (AW), and purified artificially recharged groundwater (PW) before the 
oxidation. Up to seven molecular-size fractions were observed from the HP-SEC grams; 
the largest fractions eluted first and the smallest last (Fig. 2-2). The long-time average 
values of the TOC concentrations from the waterworks of Kuopio are (average f stan- 
dard deviation): LW 11.8 f 1.4 mg/L, AW 7.4 f 1.5 mg/L, and PW 3.1 f 0.5 mg/L. The 
bank filtration process from the LW to the AW decreased the sum of the molecular size 
fractions (SMSF) by 47%, and the process at the waterworks from the AW to the PW 
resulted in a reduction of the SMSF (r-SMSF) of 55%. The sum of the organic acids 
(SOA), as the total concentration of the compounds, was 40 pg/L in the AW, and 20 
pg/L in the PW. Our chemical experiments reduced the TOC levels of the AW and the 
PW slightly (Table 2-11). The oxidation methods decreased mostly the high-molecular- 
weight fractions measured by HP-SEC and increased the concentrations of oxalate, 
acetate, and formate (Fig. 2-3; Table 2-11). 
4.1 CHLORINATION 
Chlorination alone reduced the SMSF of the AW and the PW by approximately one 
third, while the SOA increased from 20 and 40 pg/L to 91 and 166 pg/L of the PW and 
the AW, respectively (Table 2-11). The r-SMSF of the AW was greater than that of the 
PW. 
4.2 OZONATION 
Ozonation had a great effect on the humus fractions though it virtually had no effect on 
the TOC content (Table 2-11). However, ozonation of the AW did not enhance the r- 
SMSF as compared to chlorination, while the r-SMSF of the PW increased. The SOA 
increased significantly during ozonation as compared to chlorination alone (Fig. 2-3, 
Table 2-11). As the ozone dosage increased (from [03] = 2.6 mg/L to 3.3. 4.8, 6.3, and 
12.3 mg/L), the SOA of the PW increased from 373 to 512 &L. 
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Table 2-1. The peak areas and their reductions obtained from size exclusion analysis. 
SMSF = sum of the molecular size fractions (expressed as AUxs; see caption to Fig. 2- 
2). Reductions [red-%] are expressed as percents as compared the AW to the LW, and 
the PW to the AW. 
4.3 CHLORINATION AFTER OZONATION 
Chlorination after ozonation did not cause any further reduction of the SMSF of the AW 
as compared to chlorination or ozonation alone, but the r-SMSF of the PW increased by 
10%. When the ozone and chlorine dosages of the PW doubled, the r-SMSF increased 
by 15%. The results suggest that as much as one fourth (22%) of the r-SMSF could be 









4.4 OZONATION pH, ALKALINITY AND TEMPERATURE 
An increase in the ozonation pH increased the r-SMSF, while the SOA remained at the 
same level as the unadjusted pH. An increase in the alkalinity before ozonation did not 
affect the r-SMSF, but the SOA decreased slightly. An increase in the ozonation tem- 
perature increased the r-SMSF significantly. The increase of the SOA was not as sig- 
nificant (Table 2-11). Ozonation at a lower dose (3.3 mg/L) at the elevated temperature 
increased both the r-SMSF and the SOA as compared to ozonation at the ambient tem- 
perature even at the highest applied (12.3 mg/L) ozone dose. 
Lake water Artificially recharged Purified water [red-%] 
groundwater [red-%] 
57 800 15 000 [74] 1 100 [93] 
54 200 23 700 [56] 2 400 [go] 
79 700 41 100 [48] 10 600 [74] 
81 400 47 700 [41] 26 400 [45] 
56 000 35 300 [37] 27 200 [23] 
26 900 22 000 [l 81 16 000 [27] 
6 700 7 000 [+4] 2 800 [60] 
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Figure 2-3. The effect of chlorination, ozonation, ozone-chlorination and hydrogen per- 
oxide-ozone-chlorination on the organic acid formation and the molecular size distribu- 
tion of the artificially recharged groundwater (AW) (a, b), and the purified artificially 
recharged groundwater (PW) (c, d). P1 = peak No.1, P2 = peak No.2, P3 = peak No.3, 
P4 = peak No. 4, P5 = peak No.5, P6 = peak No. 6, P7 = peak No.7. The heights of all 
peaks of the HP-SEC have been normalized to the highest peak measured (untreated 
AW, P4). 
4.5 HYDROGEN PEROXIDE AND OZONATION 
When hydrogen peroxide was combined with ozonation, the r-SMSF of the AW did not 
increase as compared to ozonation only. However, with the PW, the increase of the r- 
SMSF was significant, while the increase in the SOA was not (Table 2-11). When chlo- 
rine was added, there was no change in either the r-SMSF or the SOA, when compared 
to the treatments without chlorination (data not shown). 
Table 2-11. The H202, KMn04, 03, and Cl2 doses of the treated waters. The TOC values in the beginning of the treatments (TOC~I) ,  and the per- 
centage reduction of the TOC during treatments (TOCEd). The percentage removal of the sum of the molecular size fractions (r-SMSF). The per- 
centages of the sum of the organic acids (SOA) and the unspecified compounds (USC) of the TOC. Average TOC values from long-time follow- 
up studies from the waterworks of Kuopio of the waters are: lake water 11 .8 mg/L, artificially recharged groundwater 7.4 mg/L, and purified water 
Chemical(s) used (mg/L) 
Artificially recharged groundwater (AW) 
0 3  cl2 H202 or TOClNl TOCred (%) r-SMSF SOA (% of the USC (% of the 
KMn04 (mg/L) (%l TOCed) TOC) 
' 3 2  2.0 4.3 2 34 1.3 33 
0 3  4.7 6.1 6 29 3.9 25 
03+C12 4.7 2.0 5.9 6 29 5.1 24 
H202+03 1.5 5.6 6 33 4.6 28 
KMnO4+CI2 2.0 0.22 6.5 4*** 18 0.1 18 
KMnO4+CI2 2.0 0.34 6.8 2*** 2 1 0.3 2 1 
KMnO4+CI2 2.0 0.44 6.5 4*** 20 0.3 20 
TOCmI = the initial TOC concentration; TOCEd = reduction of the TOC from the initial value upon oxidation; ** = average used in the experi- 
ments as the initial TOC value; *** = TOC increased during oxidation; l )  alkalinity = 0.8 mmol/L; 2) alkalinity = 1.4 mmol/L; 3) alkalinity = 1.8 
mmol/L; 4) pH = 7.2; 5) pH = 9.0; 6) temperature = 20 OC 
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4.6 CHLORINATION COMBINED WITH PERMANGANATE OXIDATION 
The initial manganese concentrations were 0.1 1 mdL in the AW and 0.02 mg/L in the 
PW. The oxidation experiments of the AW or the PW with KMn04 alone (data not 
shown) and in combination with chlorine did not affect markedly the reduction of the 
SMSF nor influence the formation of the SOA (Table 2-11). 
4.7 CORRELATIONS BETWEEN TOC AND SMSF AND SOA 
The Pearson's correlation between the TOC and the SMSF was 0.91 1 (significant) and 
between the TOC and the organic acids was 0.3 14 (non-significant) in the whole mate- 
rial. The Pearson's correlation revealed also a relationship between the r-SMSF and the 
SOA (0.678). 
5. DISCUSSION 
A detailed understanding of humus, which is the main organic component present in 
raw water, is important, because safe drinking water production is essential for all 
communities. The analysis of hurnus is a complicated task due to its macromolecular 
structure. Exclusion chromatography in conjunction with the UV detection at 254 nrn 
was used in this study to measure the molecular size fractions of the aquatic humus. 
5.1 CHROMATOGRAPHIC COLUMNS MEASURING AQUATIC HUMUS 
Only a few chromatographic columns have been used to ascertain the molecular size 
composition of humus. As far as we know, the column (TSK G3000SW) used in our 
study is the only column able to separate efficiently different molecular-size fractions 
from aquatic humus. Amy with co-workers8 have stated that the molecular-weight dis- 
tribution of the aquatic fulvic and humic acids ranged from 500 to 10000 Daltons, 
which is in agreement with the results of Peuravuori and pihlaja7. However, column 
calibration, as well as the adsorption interactions and the electrostatic repulsion effects 
between the hurnic compounds and the HP-SEC gel can affect the accuracy of the 
method. It is not known whether humus contains separate molecular fractions, but it 
certainly contains different molecular sizes, and the TSK column used in this study 
clearly separates seven fractions present in the aquatic hurnus. Cabaniss and co- 
workers22 have proposed that aquatic fulvic acids can be modeled as a log-normal dis- 
tribution, and with a Waters Protein-Pac 125 modified silica column, the shape of the 
model was similar to the measured peak. However, the measured peak contained only 
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four slightly separated peaks. A similar TSK column to ours has been used for more 
than 15 years, and it has been shown to highlight the changes of natural aquatic humus 
in a highly visual m a n r ~ e r ' ~ " ~ , ~ ~ .  
None of the oxidation methods used in this study removed totally the organic matter 
(oxidized to carbon dioxide and water), giving no superior oxidative chemical among 
these. However, the quality of the organic matter changed significantly during the oxi- 
dation processes, which is observed as r-SMSF and the formation of the organic acids. 
Since the UV absorption measures the intensity of the chromophores, such as double 
bonds, of the solutes in question, the observed reductions may be due to decomposition 
of the original hurnic bulk material to lower molecular-size fractions (observed as or- 
ganic acid formation), resulting in less W-absorptive chromophores. Strong correla- 
tions between the molar absorptivity, total aromaticity, and the average molecular 
weights at 280 nm have been observed in previous studies'224. However, lack of aro- 
maticity is the source of major uncertainty on the quantitative analysis of small hurnic 
structures at UV 254 nm2', the most commonly ulitized wavelength in the methods used 
to monitor water quality changes. 
5.2 CORRELATION BETWEEN TOC AND SMSF AND SOA 
The total amount of the aquatic humus is most often measured by the TOC content. In 
natural waters, the SMSF (measured at W-254) and TOC correlated well in our earlier 
studies (r = 0.954, ref. 13), which was seen also in this study (r = 0.91 1) even if the wa- 
ters were treated with strong oxidation agents. However, the correlation between the 
TOC and the SOA was only 0.314. In our study the high-molecular-weight fractions, 
peaks number one to four, dominated, as described by others when surface waters have 
been tested12,13,15,23,26 . The r-SMSF did show similarity to the removal of TOC from the 
AW to the PW (55 and 58%, respectively). Small-molecular-weight organic acids were 
formed accounting for 22% of the r-SMSF. The difference between the r-SMSF and the 
increase of the organic acid content might partly be due to compounds which have 
lower molecular-weights than can be detected with the HP-SEC, about 1400 Daltons, 
but larger than those of the organic acids analyzed, where the highest molecular weight 
was 194 Daltons. 
CHAPTER 2: MOLECULAR SIZE FRACTIONS OF TREATED 71 
AQUATIC HUMUS 
5.3 EFFECT OF CHLORINATION ON AQUATIC HUMUS 
The method used in this study is able to measure oxidation effects on aquatic humus but 
not chlorinated by-products. Chlorination of the AW resulted in a reduction of the hu- 
mus fractions. The UV-254-absorbable organic matter was reduced by approximately 
34%, and there was a significant shift to smaller fractions. Chlorination of the PW did 
not result in a great r-SMSF, but a similar change in molecular size was observed. Our 
results are in accordance with the results of Becher et al.15. In our experiments, chlori- 
nation also resulted in clear increases in the concentrations of the SOA. 
5.4 EFFECT OF OZONATION ON AQUATIC HUMUS 
Ozonation of the AW resulted in the greatest reductions in the four largest molecular 
size fractions. However, ozonation of the AW did not result in as significant a shift to 
smaller fractions as ozonation of the PW. The greater the ozone dosage, the greater the 
effect in this respect. An increase in the ozonation temperature increased humus degra- 
dation. Ozonation resulted in much higher concentrations of the organic acids as chlori- 
nation did. Similar results have been observed by others10927. Ozonation has been shown 
to cause a major increase in the content of assimilable organic carbon (AOC) in humus- 
rich waters28. AOC might consist of SOA-like compounds. Ozonation can thus increase 
the potential for microbial growth in water distribution networks. 
An increase in the ozonation alkalinity increased the r-SMSF at a similar rate as the in- 
crease in pH or hydrogen peroxide addition. Alkalinity, and especially bicarbonate ion, 
traps hydroxyl radicals, resulting in a 10-fold increase in the half-life of ozone at pH 7 
29. Reckhow with his co-workers30 showed that small amounts of bicarbonate improved 
the organohalide precursor destruction due to a shift of reaction mechanism towards the 
direct oxidation pathway. 
5.5 EFFECT OF HYDROGEN PEROXIDE ON AQUATIC HUMUS 
The r-SMSF due to the hydrogen peroxide-ozonation was significant in spite of the fact 
that the TOC did not decrease. The hydrogen peroxide-ozonation resulted in more than 
60% removal of the SMSF from the PW, but only half of that from the AW. Hydrogen 
peroxide-ozonation and ozonation at a high pH (>8.5), which were used in these ex- 
periments, are examples of advanced oxidation processes, in which a great many hy- 
droxyl radicals are formed31. OH radicals react much faster, to a greater extent and more 
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non-selectively with the organic matter in the water than molecular ozone. The addition 
of hydrogen peroxide increased the formation of the organic acids to the greatest extent 
in the PW. Ozonation at the highest pH reduced the largest molecular-size fraction by 
almost 80%. 
5.6 EFFECT OF PERMANGANATE ON AQUATIC HUMUS 
Permanganate is used for the oxidation of iron (F$') and manganese ( ~ n ~ ' )  from 
drinking water32. Stoichiometrically 1.92 mg KMn04 is needed to oxidize 1 mg Mn at a 
pH 25.5 33. This knowledge was used in choosing the KMn04/Mn-ratios (2, 3, and 4) 
for the experiments, resulting in excess concentrations of permanganate, and, thus, al- 
lowing it also to react with organic matter. The addition of the KMn04 before chlorine 
did resulted in a reduction of only 20% of the SMSF of the AW and the PW. Chlorina- 
tion after the KMn04 oxidation reduced the humus fractions only marginally, which in- 
dicated that the KMn04 acted as a preoxidant, which, on the other hand, prevented the 
molecular decomposition reactions between chlorine and the aquatic humus. Permanga- 
nate oxidation did not increase the concentrations of the organic acids during our ex- 
periments, as compared to the untreated water. 
6. CONCLUSIONS 
Changes in humus caused by different oxidants as well as by natural processes can 
be monitored from virgin water samples by this straightforward and rapid HP-SEC 
method. The changes are visually easy to discern. 
The processes resembling advanced oxidation processes reduced the SMSF by as 
much as two thirds without any visible decrease in the TOC. Also the concentrations 
of the SOA were greatest among with these processes. 
As much as one fourth (22%) of the r-SMSF could be identified in the SOA, but in 
many cases as much as 60% of the r-SMSF remained unknown. 
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1. ABSTRACT 
Organic matter removal and the formation of disinfection by-products (DBPs) were 
studied using three coagulants, aluminurn sulfate (AS), ferric sulfate (FS), and polyalu- 
minurn chloride (PACl), followed by chlorination andlor UV treatment in a pilot-scale 
water treatment plant. The experiments were made with and without spiked bromide. 
The use of all coagulants resulted in similar removals of organic matter, and bromide 
had no effect on it. The lowest required coagulant concentration for efficient organic 
matter removal was observed with the use of AS, while the FS required the highest con- 
centration. No big differences in the formation of trihalomethanes (THMs) were ob- 
served between the experiments without bromide, but in the presence of bromide the 
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THMs increased clearly, and the highest concentrations were found after the FS coagu- 
lation. Chlorination and UV treatment plus chlorination produced similar amounts of the 
THMs, and the mutagenicity of the finished water was found to be even higher when the 
latter method was used. 
Key Words: Coagulation, organic carbon, bromide, disinfection, disinfection by- 
products 
2. INTRODUCTION 
Surface waters in boreal regions contain up to 50 mg/L of total organic carbon (TOC)'. 
In the conventional water treatment coagulation and flocculation, clarification, and fil- 
tration are used to remove TOC. The remaining proportion of the organic carbon causes 
problems in many ways: the formation of the disinfection by-products (DBPs) causes 
health problems to the consumers, while microbial regrowth in the distribution systems 
causes both technical and health-related problems. 
Bromide concentration in the natural waters varies from 10 to 1000 y g / ~ ~ ,  and in Fin- 
land up to 500 pg/L Br- has been found in raw water sources. If bromide is present in 
the raw water, it is difficult to remove during the conventional water treatment proc- 
esses4, resulting in higher bromide-to-TOC ratios and formation of more brominated 
DBPS'.. Bromide-containing DBPs are suspected to be more harmful and much stronger 
carcinogens and mutagens than their chlorine-containing a n a l ~ ~ u e s ~ ' ~ .  
Humic substances in natural waters have a negative charge, so called zeta potential, 
which has to be destabilized to be able to remove those compounds in the coagulation- 
flocculation process. For optimum coagulation, the pH of the water, TOC content, alka- 
linity, hardness, and temperature range have to be optimized for every coagulant and 
water in question. Of the coagulants used for water production, aluminum sulfate (alum, 
AS) has been under the most intensive research due to its commonness in the field9'13. 
AS in water solutions forms only monomeric compounds, while more than 90% of the 
polyaluminum chloride (PACl) has been found to consist of polymeric speciesg. For 
these two aluminum-containing chemicals, the PACl is prehydrolyzed resulting in more 
stable aluminum compounds in the water up to a pH of 9, while the AS is more de- 
manding on the pH value, since it hydrolyzes only in the water9. Both AS and ferric sul- 
78 CHAPTER 3: ORGANIC MATTER REMOVAL AND BROMINATED 
DISINFECTION BY-PRODUCTS 
fate (FS) have been found to hydrolyze according to the same principles14. However, FS 
has been found to act more efficiently producing stronger flocs with less time than AS 
or PAC1, and both the pH and temperature affect the FS coagulation less14-19. Also, 
PACl has been found to dominate AS as the coagulant for similar 
According to Jacangelo et the coagulation of organic matter in the water advances 
in three mechanisms of colloid destabilization, precipitation, and coprecipitation. The 
colloid destabilization progresses through electrical double-layer compression, charge 
neutralization, enmeshment, or bridging, while the coprecipitation needs surfaces to 
which adsorption and occlusion are possible. There are two main routes to result in co- 
agulation and the formation of microflocs: l )  destabilizing the negative charge of the 
humic substances by adding metallic salts (usually A1 or Fe salts), and 2) sweep coagu- 
lation (flocculation). The microflocs are enlargened in the proceeding process of floc- 
culation, e.g. by mechanical mixing, after which the flocs are removed either by flota- 
tion or sedimentation. 
Duan and ~ r e ~ o r ~ l ~  studied the effect of coagulant dose on the coagulation efficiency 
concluding that there exist four zones which affect the efficiency of the process: 1) too 
low coagulant dose to destabilize the negatively charged particles, 2) dose is sufficient 
for charge neutralization and coagulation, 3) higher dose causes both charge neutraliza- 
tion and restabilization resulting in poorer quality of the treated water, and 4) even 
higher dose resulting in sweep coagulation by hydroxide precipitate (Al(OH)3 (S) or 
Fe(OH)3 (S)). In other words, the coagulant dose should be optimized either to zone 2 or 
zone 4 to result in efficient coagulation. In the process of sweep flocculation, the floc 
formation and size are greater than in charge neutralization yielding better organic mat- 
ter removal14. Coagulation by charge neutralization needs more accurate pH values than 
sweep floc~ulation'~, and also the effect of rapid mixing is more pronounced20322. 
The purpose of this study was to compare the influence of three coagulating chemicals, 
AS, FS, and PAC1, on the removal of the organic matter. The formation of the DBPs in 
the treatment of a humus-rich lake water was tested with chlorine andtor W disinfec- 
tion with and without spiked bromide. Also, the coagulation process was optimized for 
a pilot-scale water treatment plant using FS to improve the organic matter removal. 
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3. MATERIALS AND METHODS 
3.1 PILOT-PLANT 
The pilot-plant is shown in Figure 3-1, and it is constructed and planned for drinking 
water production. It consists of rapid and slow mixing, dissolved air flotation (DAF), 
anthracite-quartz sand rapid filter, W-lamp (ProMinent 45W) and disinfection basin, in 
which also pH, hardness and alkalinity of the purified water are adjusted. The pH ad- 
justments can be made with lime (Ca(OH)2) and lye (NaOH), and CO2 is used for ad- 
justments of hardness and alkalinity in the finished water. The pilot-plant is logic con- 
trolled, but manual operation is also possible. 
Rapid mixing consists of two small basins (a 20 - 40 L; R1 and R2 in Fig. 3-l), which 
both have their own mixer. In addition to the volume, the speed of mixing and the point 
of chemical additions can be adjusted. In the rapid mixing basins, the coagulating and 
pH adjustment chemicals are added to the water to result in microflocs. Slow mixing is 
taken place in three successive basins (A 300 - 500 L; S1 - S3 in Fig. 3-1). The modifi- 
cations available are as with rapid mixing basins, and also the shape of the blades can be 
changed. During slow mixing, microflocs are brought together by mechanical mixing 
for flocculation. The efficiency and adequacy of mixing is controlled using so-called 
Gt-value (unitless), which is calculated by multiplying the velocity gradient (G, S-') with 
time (in seconds). The velocity gradient is calculated as 
in which CO = roughness coefficient of the blade (for a smooth, straight blade = 1.8), A 
= area of the blades (m2), v = the blades' proportional velocity to the water's (&S; usu- 
ally % of the blades' absolute velocity), V = the volume of the flocculation basin (m3), u 
= the kinematic viscosity of the water (m2/s). The G-value should be about 100 S-' (the 
Gt-value about 105) in the beginning of flocculation, and in the end about 10 S-' (the Gt 
value 
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Flotation IB Rapid filvation Chlaination 
Figure 3-1. The pilot-scale water treatment plant used to carry out the experiments. The 
treatment plant consists of rapid mixing (coagulation), slow mixing (flocculation), flo- 
tation as the clarifying step, rapid filtration with a double layer filter (anthracite and 
quartz sand), W treatment (optional), and postdisinfection with hypochlorite. 
DAF (basin volume of 290 - 500 L) works as the clarification step. The inlet wall of the 
basin is adjustable (the angle can vary between 20" and 40" from the vertical wall). In 
the DAF unit, the coagulated and flocculated organic matter is removed from the water 
by small-diameter air bubbles, which are then removed from the water surface by lifting 
the water table and using an extra water shower. However, in Fig. 3-1 there is presented 
a skimmer, which removes the formed floc from the water surface. It was installed after 
all optimizing tests, since the water shower caused some flocs to be broken, and some 
organic matter was released down flow the water treatment plant. After the DAF there is 
an intermediate basin (IB in Fig. 3-l), in which the pH can be adjusted before filtration 
if needed. 
For filtration, a dual media filter was used. The layers of both anthracite and quartz sand 
are approximately 60 cm in depth, and the surface load used was about 6 mlh. W with 
and without following chlorination step were used for disinfection. W fluence was 
about 250 m ~ l c m ~ ,  and chlorine dose about 1 mg/L. W fluence was the calculated 
value of the intensity measured from the W lamp and water flow without extra modifi- 
cations. W fluence of 30-40 m~lcm* has been found to be enough for disinfection pur- 
poses23. The chlorine dose was chosen according to the disinfection practice of the wa- 
ter works of Kuopio, which uses artificially recharged groundwater from Lake Kallavesi 
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as the raw water, and have found the concentration to be high enough to ensure disin- 
fection. The raw water in the water works of Kuopio is purified by alum coagulation, 
clarification and sand filtration before disinfection. Chlorination was conducted at the 
basin in which the pH of the finished water was adjusted, and the pH values can be seen 
from Table 3-1. 
Table 3-1. Coagulant doses and pH values, and the Gt-values for each group of the ex- 
periments. 
Coagu- Dose (mglL) pH G t  Gt2 G t  Time-lag Blade area Filtration 
lant I in slow in slow pH 
M ~ '  (mglL) mixing mixing (mZ) 
AS 63 15.7 5.8 31500 16700 6900 44 min 0.066 am 
FS' 1181 13.8 4.4 31500 16700 6900 44min 0.066 >9 
Fs2 94 - 115 l 4.7- 89600 45900 13000 60 rnin 0.212 -5 
11 - 13.5 4.8 
PACl 80 17.1 5.9 31500 16700 6900 44 min 0.066 am 
AS = aluminum sulphate, FS = ferric sulphate, PACl = polyaluminurn chloride, FS' = 
the experiments made under similar conditions as the AS and PACl experiments, FS' = 
the modified values after all the optimization experiments, M ~ +  = the concentration of 
the active metal (M3+ or ~ e ~ + ) ,  Gtl = the velocity gradient multiplied by time in basin 
No. 1, Gt2 = the velocity gradient multiplied by time in basin No. 2, Gts = the velocity 
gradient multiplied by time in basin No. 3, am = ambient pH 
3.2 WATER 
Raw water was taken from the Lake Kallavesi, which is a typical humus-rich lake (TOC 
10 - 12 mg/L) in the Eastern Finland. The water was pumped from two depths (5 m and 
15 m), and it was filtrated with a drum filter and a rapid sand filter both to prevent twigs 
and other larger impurities from entering the water treatment process and to make sure 
that the water is of as uniform quality as possible. The raw water does not naturally 
contain bromide allowing us to conduct experiments with and without spiked bromide 
to compare the DBP formation. The bromide was spiked as NaBr-solution to the raw 
water, and the bromide concentration (400 - 500 yglL) was chosen to simulate the 
highest observed bromide concentration in Finnish raw waters3. Only in the PACl ex- 
periments with UV disinfection only the bromide concentration was lower (200 &L) 
due to difficulties with the sodium bromide solution dispenser. 
3.2.1 Comparing the coagulants 
In these studies, the coagulants used were alurninum sulphate (Al~(S04)~, AS), ferric 
sulphate (Fe2(S04)3, FA), and polyaluminum chloride (PACI), i.e. three groups of ex- 
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periments were conducted. The doses of the coagulants were AS 63 mg/L (correspond- 
ing to 5.7 mg/L as A13+), FS 118 mg/L (13.8 mg/L ~ e ~ ' ) ,  and PACl 80 mg/L (7.1 mg/L 
as A13+). The AS experiments were made in April, the FS experiments in August, and 
the PACl experiments in November. Mixing velocities and times (the Gt-times) for co- 
agulation and flocculation, the water flow (Q = 1.8 m3/h), and the angle of the inlet wall 
for flotation (28" from the vertical wall) were the same in every group of experiments. 
The best coagulant doses and appropriate pH values were tested and chosen for every 
group of experiments. Further information can be found from Table 3-1. 
3.2.2 Further optimization 
The system was further optimized using FS without spiked bromide after the above 
mentioned experiments. FS was chosen, since it is increasingly more often used in water 
treatment, and because of the claimed health problems, such as Alzheimer's disease and 
Parkinson's disease, associated with the use of aluminum c ~ m ~ o u n d s ~ ~ - ~ ~ .  The effects of 
the rapid mixing, the coagulation pH, the dose of the FS, the coagulation temperature, 
the water flow (lag-time in the flocculation basins), and the change of the blades in the 
slow mixing on the organic matter removal were studied. Also, the effect of the filtra- 
tion pH (adjusted with NaOH) for removing the iron residual was studied. Most of the 
tests were made with the water treatment plant and the samples were taken from S3 (see 
Fig. 3-1) and analyzed after 1-2 hour sedimentation at the room temperature. However, 
the effects of the enlargened Gt-values and increased temperature on the coagulation 
efficiency were tested in small separate basins (a 30 L). The water treatment plant was 
then modified according to the optimized parameters. 
The effect of the water temperature (6.2"C vs. 18.1°C) was tested as follows: the chemi- 
cals were dosaged directly into the small basins (two parallel for each temperature), the 
water-chemical mixture was mixed rapidly with a drilling machine and a special blade, 
and the slow mixing was made with a specific mixer. The slow mixer had larger blade 
area in relation to the water basin's area than the water treatment plant resulting in 
larger Gt-values. The lower temperature of the water was maintained by leading cold 
water outside the basin, while the higher temperature was achieved by warming the 
water outside the basin. After mixing, the water was clarified by sedimentation for 2 
hours before sampling. 
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3.3 WATER QUALITY MEASUREMENTS 
Several parameters were analyzed routinely to ensure the proper water quality. The re- 
sults obtained were compared to the values of the EC directive on the quality of water 
intended for human consumption27. 
Both temperature and pH were measured in situ during the experiments, either with pi- 
lot-plants' meters or with a calibrated WTW pH320-meter. The latter one was used as a 
reference for system's pH-meters' results. Conductivity was measured with inoLab cond 
Level 2 meter. KMnO4-number (mg/L) was measured according to SFS 3036 and 
alkalinity according to SFS 3005 29. UVz4-absorbance was measured with Shimadzu 
UV-mini 1240 spectrophotometer. The speciJic W absorbance (SUVA) was calculated 
as ~ O O * U V ~ ~ ~ / T O C ~ ~ .  Color (mg/L PtCo), hardness (rnmollL), AI, and Fe were meas- 
ured with a spectrophotometer HACH DR.12010 according to methods 8025, 8030, 
8012, and 8008 31, respectively. 
TOC was measured according to the Finnish Standard SFS-EN 1484 32. Molecular size 
distribution of the organic matter (HP-SEC method) was measured using the method of 
Vartiainen and CO-workers33, which is described in more detail in Myllykangas et 
Organic acids (formate, acetate, propionate, pyruvate, oxalate and citrate) were meas- 
ured with an ion chromatogram system34. Trihalomethanes (THMs) were analyzed ac- 
cording to the standard CENIprEN 30301 35, and the sum of the four THMs (chloro- 
form, bromodichloromethane, chlorodibromomethane, and bromoform) was calculated. 
Bromide analysis was made with 270-HT High Throughput Capillary Electrophoresis 
System (Applied Biosystems, San Jose, CA, USA) according to the method developed 
by Rantakokko et al.36. Inorganic anions (chloride, nitrite, sulfate, nitrate, fluoride, and 
phosphate) were analyzed with the same device as bromide6. Mutagenicity of the water 
was tested using the Ames Salmonella assay on extracts obtained by an adsorption 
method37, and the more detailed description can be found in Myllykangas et al.6. 
Adsorbable organic halogens ( A 0 4  determination was made according to standard 
SFS-EN 1485 3s with slight modifications. Method measures the amount of organically 
bound chlorine, bromine, and iodine, but not fluorine. Residual oxidants were first 
quenched by adding sodium sulfite solution. Samples were acidified with nitric acid to a 
pH of less than 2 and shaken with activated carbon for lh. Suspension was filtrated and 
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washed with nitrate washing solution to remove inorganic, unbound halogens, from the 
activated carbon filter cake. Moist filter and filter cake was moved to a ceramic burning 
vessel and combusted in pure oxygen at 1000 "C. Hydrogen halides formed from or- 
ganically bound halogen compounds during combustion were quantified with micro- 
coulometric titration. 
Halogenated acetic acids (HAAs; monochloro-, monobromo-, dichloro-, trichloro-, 
bromochloro-, dibromo-, bromodichloro-, chlorodibromo-, and tribromo acetic acids) 
were determined with a method slightly modified from EPA Method 552.2 39. Internal 
standard 2-bromopropionic acid was added to water samples, which were acidified with 
sulfuric acid, sodium sulfate was added, and HAAs were extracted with MtBE contain- 
ing syringe standard 1,2,3-tricloropropane. MtBE phase was separated and HAAs were 
methylated by adding acidic methanol (10 % sulfiric acid), and keeping at +50 'C for 2 
hours. MtBE phase was separated from acidic methanol and analyzed using gas chro- 
matograph (Hewlett Packard 6890) coupled with high-resolution mass spectrometer 
(Autospec Ultima, Waters). Column used was DB-5MS (Hewlett Packard: 30 m, i.d. 
0.25 mm, film 0.25 pm). Limit of quantitation was 0.3 yglL, except for chlorodibromo- 
acetic acid (1.5 pg/L) and tribromoacetic acid (4.5 pg/L). 
4. RESULTS 
4.1 ORGANIC MATTER 
Approximately 'h of the raw water's permanganate value was observed after the water 
purification process independably on the coagulant used. The highest absolute values, 
i.e. the lowest reductions, were obtained after AS coagulation, but the chemicals were 
found to work quite similarly in the removal of permanganate values (Table 3-11). When 
the reduction of permanganate values was standardized in respect of mg of active metal 
(i.e. ~ 1 ~ '  or ~ e ~ + ) ,  the AS produced the highest reductions (6.1 mg per mg of ill3+), 
while the FS was clearly the least effective (2.2 mg per mg of ~ e ~ ' ) .  The TOC values 
were reduced about 60% during coagulation experiments (Table 3), while the most ef- 
fective reduction was observed after AS coagulation (1.2 mg C per mg of ~ 1 ~ + ) ,  and the 
worst after FS coagulation (0.4 mg C per mg of ~ e ~ + ) .  The organic matter removal 
(measured as permanganate value and TOC) was not affected by disinfection options or 
the presence of bromide. 
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The lowest total reduction in the HPSEC fractions of the water was observed after the 
AS coagulation experiments, while the most effective coagulant was the FS. If the re- 
ductions were standardized for the active metal concentrations, the best results were 
again observed after the AS coagulation (53500 AUXs per mg of ~ l ~ ' ) ,  and the worst 
after the FS coagulation (24600 AUXs per mg of ~ e ~ + ) .  On the other hand, especially 
chlorine due to its high oxidation potential on the organic matter caused additional de- 
composition of humus into smaller compounds, while bromide had no effect on it. The 
concentrations of the organic acids measured after the AS and FS experiments were 
lower when bromide was present in the treated water, while after the PACl treatment the 
opposite was true. During the UV treatment, the lowest concentrations of the organic 
acids were observed, while chlorine and UV plus chlorine treatments produced similar 
concentrations (Table 3-11). 
Generally, the reduction in the Uhw-absorbance was more than 80% in every experi- 
ment, and the lowest absolute values were observed after coagulation with PAC1. The 
differences in color values (in mg/L PtCo) reflect the amount of organic matter as well. 
The lowest color values were observed after the PACl coagulation, while the highest 
ones were observed after the AS coagulation. However, the relative reduction was again 
the lowest after the FS coagulation (2.9 mg per mg ~ e ~ + ) ,  while the highest value was 
observed after the AS coagulation (9.0 mg per mg ~ 1 ~ + ) .  The disinfection method used 
or the presence of bromide did not affect in either of the parameters (Table 3-11). 
The SUVA values indicated that the PACl coagulation resulted in the greatest reduction 
in the aromatic content of the organic matter, while both the AS and PACl resulted 
about three times larger reduction in SUVA per mg ~ 1 ~ +  than the FS did per mg ~ e ~ + .  
Also, differences between the disinfection methods were clearly seen, and the UV 
treatment only caused the lowest S W A  reductions regardless of the coagulation chemi- 
cal used (Table 3-11) due to lower oxidation potential than chlorine on the organic com- 
pounds in the water. 
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Table 3-11. Permanganate value (Perm. value), UV254-absorbance (UVzs4-abs.), S W A  
values, total organic carbon (TOC), the sums of the peak areas obtained from the 
HPSEC, the organic acids (org. acids, formate, acetate, propionate, pyruvate, oxalate, 
and citrate), the anions (chloride, nitrite, sulfate, citrate, fluoride, and phosphate) and the 
Al or Fe residue (Al or Fe res.) of the treated waters. Raw water values are averaged 
from the data (6 or 7 samples per analysis). AS = aluminium sulphate; FS = ferric sul- 
phate; PACl = polyaluminium chloride. Chlorine dose was 1 mg/L and W fluence 250 
m ~ l c m ~ .  SUVA = specific W absorbance, calculated as 100*UV254/TOC. The experi- 
ments with and without bromide are arranged by the disinfection method, i.e. chlorina- 
tion with and without bromide are next to each other etc. 
Treatment Perm. UV2=- SUVA TOC HPSEC Org. Anions AI or Fe 
.. . 
(T(°C)lfinal pH) value abs. (U(mgx (mglL) (AUxs) aciiis (mgR) res. (mgfl) (llcm) m)) (~glL) (~glL)  
AS-coagulation 
Raw water (2.5R.4) 48.6 0.401 3.55 11.3 436600 63 1 1  - 
C12 (4.318.1) 14.0 0.078 1.70 4.6 128000 140 41 130 
C12 + 400pglL B i  (5.018.6) 12.9 0.076 1.66 4.6 133400 63 34 140 
UV + C12 (5.1R.9) 15.1 0.071 1.58 4.5 119300 150 37 250 
UV + C12 + 400pglL B i  13.8 0.078 1.70 4.6 134100 100 37 40 
(5.218.0) 
UV (4.518.2) 13.7 0.088 1.92 4.6 150100 89 36 130 
UV + 400pgR B i  (5.118.3) 13.7 0.080 1 .82 4.4 124000 64 36 110 
FS-coagulation 
Raw water (14.016.8) 42.5 0.352 3.59 9.8 430900 48 1 1  - 
C12 (1 5.618.9) 13.9 0.061 1.64 3.7 100800 110 38 60 
Cl2 + 27OpglL Br- (15.5R.5) 11.6 0.062 1.63 3.8 86100 39 30 70 
Cl2 + 50OpglL B i  (15.8R.6) 9.6 0.064 1.73 3.7 62600 54 32 100 
UV + C12 ( l  5.318.5) 11.1 0.062 1.77 3.5 89200 86 39 90 
UV + Cl2 + 500pglL B i  12.0 0.061 1.64 3.7 65700 49 37 90 
(15.6R.8) 
UV (1 5.419.4) 12.2 0.071 1.93 3.7 118500 34 32 70 
UV + 5OOpgR Bi(l5.7R.7) 13.0 0.070 1.85 3.8 112700 47 35 70 
PACI-coagulation 
Raw water (7.W.1) 41.9 0.343 3.61 9.5 400500 62 8.7 - 
C12 (10.6R.7) 11.3 0.056 1.44 3.9 109900 62 21 110 
Cl2 + 500pglL B i  (8.718.0) 10.2 0.060 1.58 3.8 69500 1 1  0 19 20 
UV + C12 (10.018.1) 10.6 0.058 1.53 3.8 114800 67 21 200 
UV + Cl2 + 50OpglL B i  12.1 0.062 1.50 4.1 74300 97 21 150 
(8.217.9) 
UV (8.818.0) 11.4 0.067 1.76 3.8 83300 29 21 160 
UV + 200pgR B i  (7.8R.9) 11.6 0.071 1.73 4.1 90800 39 19 150 
4.2 INORGANIC COMPOUNDS 
The initial spiked bromide ion concentrations ranged from 200 to 500 &L. The co- 
agulation process did not cause reduction in bromide concentration, and only after 
chlorination (independently on the coagulating agent) a noticeable bromide ion reduc- 
tion was observed (about 70% of the initial value). The concentration of the inorganic 
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anions (except for bromide) in the raw water was approximately 10 mg/L, and it in- 
creased up to 3.5 fold during the experiments due to chemical treatment (Table 3-11). 
The lowest concentrations of the inorganic anions were observed when PACl was used 
as the coagulant, and no difference between the disinfectants was observed (Table 3-11). 
4.3 DBPs 
THMs were formed only when chlorination (with or without UV) was used (Table 3- 
111). The THMs of bromide-free waters were 26 - 37 pg/L, and in the PACl experiments 
the concentrations were the lowest. In the presence of bromide, up to 70 pglL of THMs 
were observed (the FS experiments), and the concentration was generally higher than in 
bromide-free waters. 
HAAs concentration was found to be lower in the bromide-containing waters than in 
bromide-free waters in the AS and FS experiments (Table 3-111). However, when the 
PACl was used as the coagulant, the bromide-containing waters had higher H M S  con- 
centrations than bromide-free waters. No HAAs formation was observed after UV 
treatment. 
The highest concentrations of the AOX of non-bromide-containing waters were ob- 
served when the AS was used as the coagulant (Table 3-111). After UV treatment only 
some (if any) AOX formation was observed. When the AS was the coagulating agent, 
the AOX concentrations were the greatest, but no differences were observed between 
the FS and PACl experiments. 
4.4 OTHER PARAMETERS 
The mutagenicities were somewhat lower when PACl was the coagulant as compared to 
the FS experiments independently on the presence of bromide (Table 3-111). However, 
the mutagenicities after the AS experiments were not measured. 
The Al and Fe residue in the treated water must not exceed 200 pg/L (EC, 1998). On 
these experiments the concentrations remained below that limit value in all but one ex- 
periment (residue Al concentration 250 pg/L), and in one experiment the concentration 
Al was 200 &L. It seemed to be easier to limit and control the residual Fe concentra- 
tions than the residual A1 concentrations during the experiments (Table 3-11). 
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Color (in mg PtCoIL) varied in the AS experiments from 3 - 5, in the FS experiments 
from 2 - 10, and in the PACl experiments 2 - 3. The conductivity of the finished water 
was in the range of 150 - 190 pSIcm, the alkalinity 0.6 - 1.2 mmol/L, and the hardness 
0.4 - 0.6 mm01 CaC03 /L after the experiments, while the initial values were 58 - 63 
yS/cm, 0.3 mrnoVL, and 0.2 - 0.3 mm01 CaC03 /L, respectively. 
Table 3-111. The trihalomethanes (TTHMs; chloroform, bromodichloromethane, chloro- 
dibromomethane, and bromoform); bromide concentration after disinfection; muta- 
genicity; concentration of the adsorbable organic halogens (AOX); and the sum of the 
halogenated acetic acids (THAAs; monochloro-, monobromo-, dichloro-, trichloro-, 
bromochloro-, dibromo-, bromodichloro-, chlorodibromo-, and tribromo acetic acids). 
AS = aluminium sulphate; FS = ferric sulphate; PACl = polyaluminium chloride. Chlo- 
rine dose was 1 mg/L and UV fluence 250 rn~lcrn'. The experiments are arranged by the 
disinfection method, i.e. chlorination with and without bromide are next to each other 
etc. 
Treatment TTHMs B i  Mutagenicity AOX THAAs 
(pglL) (pg1L) (net revlL) ( P ~ I L )  (vglL) 
AS-coagulation 
cl2 32 -- 180 27 
Cl2 + 400pglL B i  4 1 280 - 120 22 
UV + Clz 31 190 29 
UV + Cl2 + 400pglL B i  8.7 360 - 90 11 
UV BDL - 30 BDL 
UV + 400pglL B i  BDL 400 -- 40 BDL 
FS-coagulation 
Cl2 33 1270 140 24 
Cl2 + 27OpglL B i  49 170 1750 100 14 
Cl2 + 500~glL B i  59 340 2150 95 15 
UV + Cl2 37 1810 140 26 
UV + Cl2 + 500pglL B i  70 350 2600 100 22 
UV BDL c100 10 BDL 
UV + 500pglL B i  BDL 500 < l  00 20 BDL 
PACltoagulation 
cl2 26 1360 140 16 
Cl2 + 5OOpglL B i  57 330 1980 110 28 
UV + Cl2 27 1240 135 12 
UV + Cl2 + 500pgIL B i  54 500 21 50 115 25 
UV BDL 4 0 0  < l  0 BDL 
UV + 200pgIL B i  BDL 200 < l  00 < l 0  BDL 
BDL = below the detection limit 
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4.5 CORRELATIONS BETWEEN PARAMETERS 
The highest Pearson correlation coefficients (R) for the whole data, water with bromide 
and water without bromide are presented in Table 3-IV. Very high correlations were 
observed for the whole data (includes raw water data and the data from the experiments) 
for all the parameters measuring the amount of the organic matter. For the DBPs, the 
UV and HPSEC were found to correlate well with the THMs and mutagenicity when the 
whole data was compared, but differences in the bromide-free and bromide-containing 
waters were significant. However, the DBPs correlated well with each other, and no big 
differences due to the presence of bromide were observed. 
4.6 FURTHER OPTIMIZATION 
The pH of the water at the time the coagulant was added to the water had more effect on 
the coagulation process than the velocity of the rapid mixing. According to this experi- 
ment, and another one comparing a wider range of coagulation pH, the optimum pH for 
FS coagulation was found to be greater than 4.6 and less than 4.9 at this temperature 
(about 3 "C), which was higher than the one observed and used in the earlier experi- 
ments at a temperature about 15 'C (Table 3-1). On the other hand, the best residual Fe 
concentrations (measured after S3 in Fig. 3-1) were found when the FS feed was ap- 
proximately 11 mg/L as ~ e ~ + ,  which was lower than in the earlier experiments (Table 3- 
I). The chemical (NaOH or Ca(OH)2) used for pH adjustment of coagulation step did 
not affect the coagulation efficiency. 
The coagulation temperature did not affect the results. However, the results showed that 
the Gt-values have a great effect on the water quality. Inspired by these results, the ef- 
fectiveness of rapid mixing was tested when water was siphoned off of the R2 basin of 
the water treatment plant into the smaller basin, and similar Gt-values were used as in 
the temperature experiments. The following results were obtained: color 6 mg/L PtCo, 
Fe,,idual 0.24 mg/L, and UV254-absorbance 0.067, when the number of tests was 2. Due 
to the good outcomes, the blades of the slow mixing of the water treatment plant were 
changed (Fig. 3-3). 
In the studies of comparing the coagulants, the pH of the filtrated water was increased to 
9 and higher to improve the removal of residual Fe from the water when FS was the co- 
agulating chemical. However, the pH value was now tested with a wider pH range (from 
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5.0 to 9.1), and the best results were found at a pH of 5.0, which is the ambient pH of 
the water after the DAF. 
Table 3-IV. Part 1: Pearson correlation coefficients (R) of the parameters describing the 
amount and quality of organic carbon. Part 2: Pearson correlation coefficients (R) of the 
parameters describing the amount of disinfection by-products. 
Part l 
KMn04 KMn04 KMn04 KMn04- Color- Color UVab, UVab,- TOC- 
-color -UVab, -TOC HPSEC UVab, -TOC -TOC HPSEC HPSEC 
Whole 0.989' 0.993 0.993 0.973 0.992' 0.993* 0.996 0.980 0.977 
data(a) 
With Br- 0.617* 0.753 0.712 0.845 0.797* 0.771' 0.837 0.923 0.838 
(b) 
Without 0.519 0.591 0.725 0.505 0.825 0.685 0.758 0.730 0.775 
Br-(b) 
Part 2 
UV,k- UV,h- HPSEC - lTHMs TTHMs - lTHMs - AOX- AOX- THAAS - 
TTHMs mutag. mutag. -AOX THAAs mutag. THAAs mutag. mutag. 
With Br- -0.789 -0.124* -0.708* 0.803 0.870 0.945* 0.918 -0.061* 0.243* 
(b) 
Without -0.479 -0.61 9* -0.851 * 0.933 0.951 0.723* 0.935 0.91 l* 0.673* 
Br-(b) 
(a) includes raw water results; (b) includes no raw water results; KMn04 = permanga- 
nate value in mg/L; color = color in mg PtCoIL; UVab, = UV absorbance measured at 
253.7 nm; TOC = TOC in mg/L; HPSEC = the sum of the peak areas obtained from the 
HPSEC analysis; * color values of the FS experiments with bromide are excluded; * 
only mutagenicities >l00 net revIL are included. 
Table 3-1, line F S ~ ,  lists the changed parameter values for the FS coagulation and the 
water treatment plant after all the experiments and improvements were made. 
Figure 3-2. The change of the slow mixing blades after the coagulation experiments us- 
ing ferric sulphate. The blade area was 0.066 m2 before the change, and 0.212 m2 after. 
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5. DISCUSSION 
In this study, the organic matter removal was found to be best in the AS coagulation and 
worst in the FS coagulation, if the removal was standardized to the active metal con- 
centration, i.e. mg ~ 1 ~ +  /L or mg ~ e ~ +  /L. On the other hand, if the standardization was 
made to the molar concentration of the active metal, the organic matter removals per 
rnM of ~ l ~ +  or ~ e ~ '  in the AS and FS experiments approached each other, and the 
W254-absorbance removal was even higher when the FS was used. The.PAC1 seemed 
to work worst in the latter dissection. It seems according to these results that the AS 
works best for this type of water (low alkalinity, hardness, and pH) under fixed condi- 
tions. However, the organic matter removal was improved in a great deal when the FS 
was used, and the process was optimized further, including a detailed study about the 
slow mixing (change of blade geometry and water flowhag-time in the basins). And, 
since aluminum has its possible health  effect^^^-^^, the use of the FS would be an in- 
triguing and a functional alternative for organic matter removal in water treatment proc- 
ess. 
In our experiments, the coagulation can be assumed to be in the region of sweep floc- 
culation, since Kan et found that aluminurn concentration above 5 mg/L ~l~~ is suf- 
ficient for the process, and both in AS and PACl experiments a higher aluminum con- 
centration was used. Further, at the pH range of 5.5 - 8.0 (5.8 or 5.9 for AS and PACl 
coagulation in these experiments) the coagulation is occurring dominantly by adsorbing 
to the aluminum hydroxide surfaces4', which is typical for sweep flocculation. Also, 
because AS and FS hydrolyzation proceeds along the same lines, the FS treatment can 
be also assumed to have occurred by sweep flocculation rather than charge neutraliza- 
tion during these experiments. 
During coagulation, mainly the hurnic fraction of humus (size >2000 Da, ref. 1) are re- 
moved. Even though the THM precursors have been found to be the fulvic fraction of 
humus, 800 - 2000 ~ a ~ ' ~ ,  efficient coagulation has shown good results in reducing 
THM formation in ~ h l o r i n a t i o n ~ ~ ' ~ ~ ~ ~ .  However, in these experiments, the highest con- 
centrations of the THMs were formed in the FS experiments, where the high-molecular- 
weight organic compounds as seen in the reduction in the HPSEC fractions were re- 
moved most effectively, which is opposite to that knowledge. In the experiments the 
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reduction in the TOC (approximately 60%) was found to be lower than the reduction in 
the UV254-absorbance (8 l%), which has been found by other researchers as 
The water temperature and pH have great effect on the success of the coagulation proc- 
ess, and in low temperatures especially the effectiveness of the AS has been found to 
decrease more than of the PACl or F S ' ~ - ' ~ ~ ~ ' .  Some of the differences found in the ex- 
periments using different coagulants might be due to the change of seasons: the AS ex- 
periments were made in the spring, the FS experiments in the summer, and the PACl 
experiments in the late fall. When water temperature decreases, the viscosity increases 
resulting in lower settling rates of the flocs. The G-values and the hydrolyzation and 
precipitation reactions of the metals ( ~ 1 ~ '  and ~ e ~ + )  decreased, and the ion product of 
the water changes resulting in lower amounts of OH- ions, which are important in the 
hydrolyzing reactions2'. The effect of temperature was observed in the experiments 
made in this study as well, since the optimum pH for FS coagulation was found to be 
higher when the temperature decreased from 15 to 3 'C. It is suggested in the literature 
that the negative effects of the lower temperature can be avoided (or minimized) by in- 
creasing the water pH by 0.4 to 0.8 units, depending on the coagulant14, and in this 
study the necessary increase for the FS was 0.3-0.4 units, while the coagulant dose re- 
mained almost the same. 
Since the bromide concentration was not observed to reduce during the coagulatiod- 
flocculation process, the lowered concentration in the end was solely a result from the 
disinfection chemical (chlorine) used. Bromide concentration decreased, i.e. the bro- 
mide was utilized to form DBPs, during the chlorination experiments approximately 
30%. 
The formation of the DBPs remained below the EU limit values in our 
However, the maximum trihalomethane concentration was quite high, 70 pg/L. As has 
been previously observed436, trihalomethane concentrations were higher in the bromide- 
containing waters after corresponding treatments. 
In the European Union, there is no limit value for HAAs, but the USEPA regulates it 
with a limit value for total HAAs concentration of 60 pg/L for five compounds48. How- 
ever, the results of our experiments show that <30 pg/L as the sum of the nine HAAs 
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compounds analyzed was formed in any case. Interesting finding is that the HAAs con- 
centrations of bromide-containing waters were lower in the AS and FS experiments than 
the corresponding values of bromide-free waters. Only during the PAC experiments, the 
HAAs concentrations of bromide-containing waters were higher than bromide-free wa- 
ters. As with the M S ,  also the AOX results were interesting, since bromide- 
containing samples had lower AOX concentrations than their bromide-free counterpart. 
We have observed similar results many times in our previous studies as well. One pos- 
sible cause might be if bromide is consuming the oxidant (chlorine in this case) result- 
ing in some other (inorganic) compounds, such as the HOBr, than the ones that can be 
found from the results of the analysis made, andlor that the oxidizing power of the disin- 
fectant is consumed by bromide resulting in lower amounts of other DBPs in the proc- 
ess. Zhang et offered an explanation dn this phenomenon by stating that bromide 
causes a small reduction in oxidizing power of the oxidant declining the concentrations 
of the DBPs, which is parallel to our findings. 
6. CONCLUSIONS 
- The coagulation process was found to work well when the AS, FS, or PACl 
were used as the coagulant. However, during the FS experiments, the residual 
metal concentration was found to be controlled more easily than in the other ex- 
periments. 
- Organic matter removal per amount of the coagulant (mg/mg or mg/mmol) was 
found to be the best when the AS was the coagulant. 
- By changing the slow mixing blades to larger ones, the organic matter removal 
was improved clearly when the FS was used. This result could be assumed to be 
similar with the use of AS or PACl as well. However, the use of the FS would be 
preferable due to the negative effects of aluminum compounds to health. 
- Bromide increased the total concentration of the THMs and mutagenicity ob- 
served. However, the presence of bromide decreased the formation of AOX, 
W s ,  and organic acids. The three coagulants did not differ much on that ac- 
count without bromide, but with bromide the FS coagulation seemed to be the 
less effective. 
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1. ABSTRACT 
The effect of bromide ion concentration, pH, temperature, alkalinity, and hydrogen per- 
oxide content on bromate formation was studied. Increase in pH was found to increase 
the bromate formation the most. Also increase in the ozonation temperature, bromide 
ion concentration and hydrogen peroxide content increased the observed bromate con- 
centration. Only increased alkalinity decreased the bromate formation during the ozo- 
nation experiments. Bromate formation exceeded the EU limit value for bromate ion, 10 
pg/L, when the initial bromide ion concentration was around 100 pglL, except for the 
alkalinity of 1.4 mmol/l, when the bromate formation was 9.4 pg/L. 
Key Words: Ozone; Bromate Ion; Bromide Ion Concentration; Ozonation; Pilot Scale 
Study; Drinking Water Treatment 
2. INTRODUCTION 
Brominated by-products are of concern in the areas where raw water contains high con- 
centrations of bromide ion. Bromide can originate from saltwater intrusion, natural 
fractionation, anthropogenic bromide emissions (such as potassium and coal mining), 
water disinfection with chlorine (bromide as a trace impurity), agricultural applications 
(methyl bromide is a widely used additive in fumigating crops and soil), or heavy traffic 
(ethylene bromide is a common additive to leaded 
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Even if bromide ion in drinking water supplies has not been observed to cause direct 
public health problems5, it is a precursor of the formation of bromate ion and other bro- 
minated oxidation-DBPs, which are known to be harmful to people's health. Both ozone 
and bromide ion threshold levels for the formation of by-products are compound- 
specific as well as sour~e-s~eci f ic~+~.  
According to Siddiqui & Any6, only a fraction of the Br- reacts with ozone. However, 
bromide is considered to increase the rate of oxidation reactions8,9. The reaction of 
ozone with Br- is expected to be at least 100 times faster than that with Cl- l'. 
Ozonation transform bromide efficiently into hypobromous acid and hypobromite3. The 
reaction of 0 3  with protonated HOBr is negligible. Hypobromite ion can be oxidized 
further to bromate by ozone and brominated organic compounds can be formed in reac- 
tions between hypobromous acid and organic carbon". Bromate ion formation occurs 
only in the presence of dissolved ozone ( ~ 0 ~ ) ' .  
Bromate ion has been found to be carcinogenic in rats and hamsters12213, and it is classi- 
fied as a potential carcinogen for humans. The European Union (the EU) limit value for 
bromate formation is 10 pg/~ '4 .  
The purpose of this study was to examine the effect of pH, ozone dosage, bromide ion 
concentration, temperature, hydrogen peroxide and alkalinity on the formation of bro- 
mate in humus-rich drinking water. 
3. MATERIALS AND METHODS 
The pilot-plant situated in the Environmental Research Hall of the University of 
Kuopio. The pilot-plant consisted of an ozone generator (Pacific Technology mdl 01), a 
column (in which the water circulates and is in touch with ozone), a water pump (Sigma 
07220 PVT membrane pump, ProMinent Finland Oy), an analyzer for ozone from the 
gas flow (Dasibi 1180-HC), an analyzer for the dissolved ozone (Orbisphere 3600) and 
computer programs for recording the data (Ozone 0 Tirkkonen & Lofstrom, Moca3600 
0 Orbisphere Laboratories) (Fig. 4-1). All the parts in touch with ozone were made 
from PTFE (Teflon), acrylic, or nylon. 
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The amount of water used per one batch-test ozonation was 18 liters. The column and 
the pipelines were disinfected and cleaned with Virkon (Antec Int. Ltd, Suffolk, Eng- 
land) cleansing agent after or before different group of tests. The water from the water 
works of Kuopio was coagulated and sand filtrated prior to ozonation in the research 
hall. The water to be ozonated was spiked with sodium bromide solution to achieve the 
required bromide ion concentration, because the water itself contained no bromide ions. 
The ozone generator formed ozone from pressurized air by corona discharge. The ozone 
concentration in the gas flow was measured and adjusted by leading the gas flow 
through a by-pass pipeline to the Dasibi analyzer instead of the column using a corre- 
sponding counter pressure to adjust the mass flow right. The gas mixture containing 
ozone was bubbled through KI-solution (20 g/L KI, 7.3 g/L NazHP04.Hz0, and 3.5 g/L 
KHzP04) to remove the residual ozone prior to releasing the gas to the atmosphere. The 
adjusted gas flow (both in ozone concentration and flow rate) was then switched to go 
through the water column, in which the water was recirculated by the pump. The gas 
flow was bubbled through the water column till the desired 03/TOC (total organic car- 
bon) ratio was achieved. Chemicals and dosages for different tests were selected to 
simulate current practice at full-scale treatment plants. The Ct-value (Concentration X 
time) was calculated as the residual ozone concentration (as DO3, in mg/L) times the 
time of ozonation (in minutes). 
All the samples analyzed, except for the THM samples, were stored in a freezer (at a 
temperature lower than -18 "C) after sampling, prior to analyzing. All reagents used 
were of analytical grade. 
Bromide analysis was made with 270-HT High Throughput Capillary Electrophoresis 
System (Applied Biosystems, San Jose, CA, USA) according to the method developed 
by Rantakokko et a1.15. The detection limit was 15 pg/L, and the error was + 10%. Three 
initial bromide ion concentrations (50, 100 and 500 yg/L) were used. 
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Figure 4-1. The ozonation equipment in the Environmental Research Hall (University of 
Kuopio). 
Bromate samples were filtered through a 0.45-pm MilliPore syringe-filter prior to 
freezing. The samples were analyzed by ion chromatography with inductively coupled 
plasma mass spectrometric detection (IC-ICPIMS)'~ in the Research Center of Lahti, 
Finland. The detection limit was 0.2 pglL. 
TOC was measured by an accredited method (laboratory T77) with Shimadzu Total Or- 
ganic Carbon analyzer, model 5000-TOC (Kyoto, Japan). The samples were acidified 
by adding concentrated H3P03 acid to achieve a pH value s2 prior to analyzing. 
Both temperature and pH were measured in situ. Temperature was measured on-line 
with Orbisphere 3600 analyzer for dissolved ozone. pH measurement was made with 
calibrated WTW pH320-meter. The effect of the initial temperature on the bromate 
formation was studied at two initial temperatures. The effect of the initial pH on the 
bromate formation was studied at three initial pHs. 
The alkalinity was adjusted by adding 1 M CaC03 solution into the water. Higher alka- 
linities were tested to reach the conditions, which agree with the actual conditions in 
water distribution systems. Alkalinity was measured according to the Finnish Standard 
SFS3005. It is based on the potentiometric titration of the sample with HC1 (of a known 
concentration) to pH value 4.5. Increased alkalinity was tested in three ozonation ex- 
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periments. Alkalinity was not readjusted during the ozonation experiments, but it was 
measured prior to and after the ozonation experiment. 
The concentration of H202 used was approximately 0.1 N, which was checked by titra- 
tion of the solution with 0.1 N Na2S203 after the addition of 4 N HzS04, 1 N KI, 1 N 
(NH4)2M~7024, and starch ~olution'~. The appropriate amount of hydrogen peroxide was 
added to the water prior to ozonation. The ratio was calculated as mg HzOzImg 0 3 .  Hy- 
drogen peroxide was spiked to the waters of three ozonation experiments. 
4. RESULTS 
The initial conditions of the water are listed in Table 4-1. The bromide ion concentration 
was spiked to the water prior to ozonation. 
Table 4-11 shows the results obtained from the ozonation experiments. Less than 35 
mole-% of the Br  consumed during ozonation was converted to bromate ion, except for 
the initial pH 9.0, when 65 mole-% of the B r  consumed was converted to bromate. 
No bromate formation was observed from the blank sample (unozonated, no bromide 
Table 4-1. The initial conditions of the ozonated water. 
ion addition), nor when measured from unozonated water with spiked bromide ion. 
Experiment 
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Increasing the initial Br- concentration from 50 to 100 &L, the bromate formation in- 
creased by the factor of 10 from 1.2 pg/L to 12 pg/L. However, increasing the bromide 
concentration from 100 to 500 pg/L had no further impact on bromate formation under 
these ozonation conditions. Figure 2 shows the results obtained. 
Table 4-11. Bromate ion concentrations of ozonated waters. The 03/TOC ratio was 2.1, 
alkalinity 0.3 mmol/l and the initial temperature between 12 and 14 "C unless otherwise 
noted. 
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Constants: 
03/TOC = 2.1 l 
t = 12-14 'C 
pH = 6.2 
alkalinity = 0.3 mmol/l 
H202/03 = 0 mg/mg 
Blank + Br-, non-ozonated 
[Br-] = 50 ug/l 
[Br-] = 100 ugll 
[Br-] = 500 ug/l 
l I 
Figure 4-2. The effect of the initial Br' concentration on the bromate formation during 
the ozonation experiments. 
The bromate formation increased when the 03/TOC ratio increased from 0 to 1.05, 2.1 
and 4.1 (1.4, 13 and 28 pg/L, respectively). The corresponding Ct values were 0.8, 1.7, 
and 5.6 mg1Lxmin. The results are shown in Figures 4-3 and 4-4. No bromate formation 
was observed in the blank sample or in the unozonated sample containing bromide. 
30 , I Constants: 
[Br-]* = 500 ug/l 
t = 12-14 'C 
pH = 6.2 
alkalinity = 0.3 mmol/l 
H202/03 = 0 mg/mg 
B lank 
Blank + Br-, non-ozonated 
l I 
Figure 4-3. The effect of the 03/TOC ratio on the bromate formation during the ozona- 
tion experiments. 
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Figure 4-4. The effect of the Ct value on the bromate formation during the ozonation 
experiments. 
When the initial temperature increased from 12 to 20 "C, the bromate formation in- 
creased from l l to 88 yg/L. The results can be seen from Figure 4-5. 
Increasing the pH increased the bromate formation (Figure 4-6). At the lower pH of 6.2, 
and at OdTOC ratio of 4.1 the formation of bromate was equal to the one of the ozona- 
tion at pH 7.2. When pH increased to 9.0, the formation of bromate increased drastically 
to 100 &L, which was the highest observed bromate formation during these ozonation 
experiments. 
When the alkalinity of the water increased from 0.3 to 0.8 and 1.4 mmolll, the bromate 
formation decreased from 13 to 11 and 9.4 pg/L, respectively. When the initial Br- con- 
centration was low (50 yg/L), the bromate formation was 3.4 pg/L at a high alkalinity 
(1.8 rnmolll). The effects of the alkalinity on the bromate formation have been shown in 
Figure 4-7. Alkalinity was found to remain at the initial level during the ozonation ex- 
periments. 
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Figure 4-6. The effect of the initial pH on the bromate formation during the ozonation 
experiments. 
When the H202103 ratio (in mglmg) increased from 0 to 0.2 or 0.4, the bromate yield 
increased from l l to 24 or 23 pg/L, respectively. When the HzO2/03 ratio was 0.6, the 
bromate yield was 15 pglL. Figure 4-8 shows the relationship between hydrogen per- 
oxide content and the bromate formation. 
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Figure 4-7. The effect of the alkalinity on the bromate formation during the ozonation 
experiments. 
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Figure 4-8. The effect of the H202 concentration on the bromate formation during the 
ozonation experiments. 
5. DISCUSSION 
The bromate formation did not increase as the initial bromide ion concentration in- 
creased from 100 to 500 yg/L. This result is in contrast with the results of Glaze et al.'', 
who found that at higher bromide levels the bromate formation was greater with DOC 
and ozone dose remaining the same. The threshold concentration of bromide ion for 
bromate formation has been observed by several authors6, and it has been found to de- 
pend on the water source7. However, Croue et al.'' as well as ~ e ~ u b e ~ '  observed no 
threshold bromide ion concentration on bromate formation. The observations by Croue 
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et al.'' and ~ e ~ u b e ~ '  are in accordance with our results, because at as a low bromide ion 
level as 50 @L, bromate was formed. The observed threshold concentrations of bro- 
mide ion were probably due to inaccuracies in the quantitation limits of the processes 
used. 
Because bromate is formed only in the presence of dissolved ozone, the change in ozone 
residual affects the formed bromate concentration. Our results are in accordance with 
the results of Krasner et Siddiqui and kny6,  and Ozekin and !my7, increasing 
with increasing ozone residual. Glaze et al.'' and Krasner et have observed that at a 
low 03-to-TOC-ratio (5 1:l) there was probably not enough ozone to complete the re- 
actions to form BrO3-, which was possibly the case in our experiments as well. The Ct 
values at the 03/TOC ratios of 1.05, 2.1, and 4.1 were found to be 0.8, 1.7, and 5.6 
mgILxmin, respectively. E.g. the studies of Shukairy et al." yielded similar results as 
was found in our studies: the bromate formation increased with increasing Ct. 
pH adjustment has been observed to be a way to control bromate formation. Croue et 
al.19 found that the production of bromate ion was less important at pH 6.4 than at pH 
8.4. In our study the bromate formation was greater at elevated pH levels than at the 
ambient pH, which is in accordance with previous results. The effect of pH is due to 
HOBr formation at a lower (<7) p ~ 5 .  HOBr does not react with ozone to form bromate. 
The presence of OBr (at a higher pH) does enhance bromate formation, because it has 
been found to be the requisite intermediate in bromate formation2223. At a higher pH 
( 3 ,  the decomposition of ozone is accelerated, which yields to greater bromate forma- 
tion during ozonation5. 
An increase in ozonation temperature has been observed to affect more on bromate for- 
mation than a corresponding increase in incubation temperature6. In our study, the in- 
crease in the ozonation temperature from 12 'C to 20 OC increased the bromate forma- 
tion 8 fold, from l l to 88 yg/L. 
Alkalinity has been observed to both increase24 and decrease'' the bromate formation. 
Our results are in accordance with the observation of Glaze et al.'' that the bromate 
formation was at the greatest at the lowest alkalinity, decreasing with increasing alka- 
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linity. When the initial bromide ion concentration was 50 yg/L, the increased alkalinity 
increased the bromate formation, which is in accordance with the results of Amy et 
In our study the H202103 ratio of 0.4 is in the optimal range (0.35-0.45 mg H202/mg 03)  
in the oxidation of organic matter2', and the two other ratios (H2O2IO3 = 0.2 and 0.6) 
were used for research purposes. In the study of Croue et al.19, the addition of hydrogen 
peroxide increased the formation of bromate ion, which is in accordance with our re- 
sults. In general, the studies made with hydrogen peroxide addition have yielded mixed 
results. Some studies have shown that hydrogen peroxide increases the bromate forma- 
tion6, while the others have observed a decrease in the bromate formation26. The pres- 
ence of hydrogen peroxide causes the reduction of HOBrfOBr- to Br- 5,22, &d, thus, re- 
duces the bromate formation. 
In summary, the bromate formation was found to increase during the ozonation experi- 
ments at higher initial temperature and pH values as well as with increase in residual 
ozone and hydrogen peroxide concentration. Increasing alkalinity decreased the bromate 
formation. Bromate formation exceeded the EU limit value of 10 yg/L for bromate 
when the initial bromide ion concentration was 100 or 500 &L, except for the high al- 
kalinity (1.4 rnmolll). 
6. CONCLUSIONS 
1. Bromide ion concentration as low as 50 yg/L was sufficient to promote the forma- 
tion of bromate during these ozonation experiments with coagulated and sand fil- 
trated water. When ozonated at the initial bromide ion concentration of 50 yglL, the 
bromate formation did not exceed the EU limit value for bromate, 10 ygIL, being 
1.2 yg1L. 
2. The EU limit value for bromate exceeded with water containing bromide ion 100 or 
500 yglL at ozone concentrations used in this study. Only at an alkalinity as high as 
1.4 mrnolll, even if the bromide ion concentration was 500 ygIL, the limit value was 
not exceeded. 
3. According to these results, less than 35 mole-% (except for pH 9.0 being 65 mole- 
%) of the bromide ion consumed during ozonation was converted to bromate ion, 
which indicates that other brominated organic compounds are formed as well. 
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1. ABSTRACT 
High-bromide raw water was ozonated or chlorinated with and without hydrogen per- 
oxide to study the effect of the disinfectants on the disinfection by-product (DBP) for- 
mation. Less bromate was formed when ozonation was made at the ambient pH of 5.8 
as compared to ozonation at pH 7, showing the effectiveness of pH reduction in con- 
trolling the bromate formation. When chlorine dose was 1 mg/L instead of 2.3 mg/L, the 
trihalomethane formation was 50 yg/L instead of >l00 pg/L, and the proportional dis- 
tribution of the trihalomethanes was similar. The use of ozone for this water could pro- 
vide good results in respect of the DBP formation. 
Keywords Ozone; chlorine; bromide; bromate; disinfection; disinfection by-products 
2. INTRODUCTION 
Bromide can be found in natural waters from a few micrograms to several thousands of 
micrograms per liter1, and in Finland the westcoastal surface waters contain up to 485 
yg/L bromide2. Bromide has not been observed to cause direct health effects if it is pre- 
sent in the drinking water. On the other hand, hypobromous acid reacts with the (or- 
ganic) constituents of the water much faster than hypochlorous acid resulting in high 
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amounts of disinfection by-products (DBPs). Those compounds cause direct and indi- 
rect health problems for the consumers, and many compounds are regulated by legisla- 
tion both in the E U ~  and in the USA~, and they are found to be more harmful than their 
chlorinated a n a l ~ ~ u e s ~ ' ~ .  
Ozonation of bromide-containing waters has been found to result in the formation of 
bromate6-S. Even if many bromoorganic compounds, such as bromoform, bromopicrin, 
dibromoacetonitrile, bromoacetone, bromoacetic acid, bromoalkanes, and bromohy- 
drins, are also formed during ozonation, their concentrations are usually very low, and 
the main concern should be addressed towards bromate format i~n~. '~ .  
The amount of humus, measured as total organic carbon (TOC), and the quality of it, are 
important factors in the formation of the DBPs. Because of the high amount of organic 
matter typically found in the waters in boreal regions (up to 40 mg/L as TOC; ref. 1 l), 
postdisinfection with chlorine or other chlorine-containing oxidants is mandatory to 
avoid or restrict the microbial regrowth in the distribution system. In the reactions be- 
tween chlorine and organic matter, high amounts of trihalomethanes (THMs), halogen- 
ated acetic acids (HAAs), 3-chloro-4-(dichloromethyl)-5-hydroxy-2(S~-furanone 
(MX), and other halogenated DBPs are typically found12-16. Many of the compounds are 
found to be carcinogenic or mutagenic17, and other effects are observed as well. Ozona- 
tion with or without hydrogen peroxide can be used as a preoxidation method before 
chlorination resulting in lower chlorine demand and lower amounts of DBPs in the fin- 
ished water due to the high oxidation potentials of the two o~ idan t s '~"~ .  However, the 
obtainable results are highly case-specific, and the on-site experiments are necessary to 
make sure that the treatment is adequate for that water to ensure the quality of drinking 
water. 
The aim of this study was to compare ozonation and chlorination to reduce the forma- 
tion of DBPs of a high-bromide containing surface water used for drinking water pro- 
duction. 
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3. MATERIALS AND METHODS 
3.1 WATER USED IN THE EXPERIMENTS 
The water used in the experiments was taken from the water works in Uusikaupunki, 
Finland (lat. 60°48', long. 21°25'), in which a high-bromide-containing surface water is 
used as the raw water. The water treatment process in the water works consists of co- 
agulation and flocculation (coagulant ferric sulphate, 75 mg/L, with a polymer, 0.05 
mg/L), flotation, sand filtration, and disinfection (hypochlorite, feed approximately 2.3 
mg/L as Clz). In Table 5-1 are presented results obtained after the treatment process in 
the water works during the year before the experiments. The clarified, non-chlorinated 
water was used in our experiments. The water was transported in plastic containers by 
bus, and the time from shipping to receiving the containers was approximately one day. 
The experiments were made next day from the receiving of the containers. Ozonation 
experiments were made in the winter (February-March), while chlorination experiments 
were made in the fall (November-December) of the same year. 
Table 5-1. Characteristics of the raw water used in this experiment and drinking water of 
the city Uusikaupunki, Finland (average [range; number of samples]). 
F ~ a w  water I Drinking water I 
I I 
TOC (mglL) 1 5.8 [3.8-6.8; 71 1 3.3 [3.0-3.5; 71 
Br- (~g lL )  1 340 [200-520; 71 1 11 0 [70-165; 71 
Inorganic anions (mglL) 80 [70-85; 31 140 [135-150; 31 I 





Mutagenicity (net revlL) 
sulfate, nitrate, fluoride and phosphate); TTHMs = the sum of the four 
(chloroform, bromodichloromethane, chlorodibromomethane, bromo- 
3750 [3360-4530; 61 
3.2 EXPERIMENTAL METHODS 
3.2.1 Ozonation 
The ozonation experiments were carried out with a system consisting of an ozone gen- 
erator, a column, a water pump, analyzers for dissolved and gaseous ozone, and com- 
puter programs for recording the dataz0. The 03/TOC mass ratio used in the experiments 
was approximately 4, except in the experiment C it was 5.3, which allowed us to exam- 
ine the effect of very high ozone concentration on this particular water with high bro- 
mide concentration. The ozone doses (in mg/L) are presented in Table 5-11. Since the 
TOC = total organic carbon; inorganic anions = the sum of the six inorganic anions 
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surface water temperature in Finland varies typically from 2 to 20°C during the course 
of the year, and the water temperature'influences on the water's characteristics and re- 
action kinetics, ozonation was made at two temperatures (10°C and 17°C). Raw water 
alkalinity in Finland is usually low, <0.3 rnM. Two alkalinities of 0.3 mM and 0.5 mM 
were tested to study the effect of small alkalinity increase on the formation of bromate. 
The higher pH of 7 (vs. the ambient pH of 5.8) was chosen, since ozone decomposition 
is accelerated at increased pH values resulting in higher reaction rates with many or- 
ganic and inorganic compounds present in water21. The pH of the water was adjusted 
with Ca(OH)2. The disinfection exposure of the ozonation experiments (CT) was calcu- 
lated by multiplying the average residual ozone concentration (mg/L, from the begin- 
ning to the end of ozonation) with time (minutes), since the ozonation was conducted 
only till the desired ozone dosage was achieved and no extra reaction time wasused be- 
fore sampling. By doing so, it is possible to estimate the effectiveness of ozonation as 
disinfection method, because the CT is the time-dependent concentration of the disin- 
fectant integrated for the time of its actiong. During the ozonation experiments, the ini- 
tial bromide concentration of the water varied from 340 to 490 yglL 
3.2.2 Chlorination 
In the water works of Uusikaupunki, chlorination was made at pH 8.5-8.7 at the time of 
the experiments, and a pH of 8.5 was chosen for laboratory study. The desired NaOC1- 
dose was Cl2:TOC = 1:3, corresponding to 1 mg/L of Cl2 when the TOC was approxi- 
mately 3 mg/L, and the temperature for chlorination was 4°C. The residual chlorine 
concentration was measured after one hour, and the samples for the other analyses were 
taken after 96 hours of reaction time. Chlorine dose was lowered from 2.3 mg/L used in 
the water works of Uusikaupunki to 1 mg/L to study its effect on the THM formation, 
since the THM concentrations in the water works were found to be very high (Table 5-1) 
and reductions in them are necessary both for the legislation and the health effects. The 
chlorine dose was chosen to be 1 mg/L, since in Finland a chlorine dose of 0.3-1.0 mg/L 
is often used for disinfection resulting only in low (0-0.2 mg/L) residual in the distribu- 
tion systems22. No chlorine residual was observed at this point except in the hydrogen 
peroxide-chlorination experiment. During the chlorination experiments the range was 
250 - 340 yg/L Br-. In the experiments where the TOC concentration was lowered (from 
3 mg/L to 2 mg/L or 1.5 mg/L) by diluting the water with distilled water to study the 
effect of the bromide-to-TOC mass ratio on the disinfection by-product formation, bro- 
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mide ion concentration was kept constant (at about 250 yg/L) by adding an appropriate 
amount of NaBr solution to the waters before the chlorine treatment. 
3.2.3 Hydrogen peroxide oxidation 
Hydrogen peroxide was added to the water just before ozonation or chlorination. In the 
ozonation experiments, two doses were used, H202/03 mass ratios of 0.05 and 0.3 (mo- 
lar ratios of 0.1 and 0.4), while in the chlorination experiments, a mass ratio H2021Cl2 of 
1.0 (molar ratio of 0.5) was used. The concentration of the H202 solution was measured 
by a titration method23. 
3.2.4 Analytical methods 
Bromide analysis was made with 270-HT High Throughput Capillary Electrophoresis 
System (Applied Biosystems, San Jose, CA, USA) according to the method developed 
by Rantakokko et al.24. The detection limit was 15 yg/L, and the measurement uncer- 
tainty of the analysis was + 15 %. 
Inorganic anions (chloride, nitrite, sulfate, nitrate, fluoride and phosphate) were ana- 
lyzed with the same device as bromide. Main features of the chemistry of this applica- 
tion for the analysis of common inorganic anions can be found on the web page of Wa- 
ters ~o rpora t ion~~ .  
Bromate analysis. Dionex 40001 series ion chromatograph (Dionex Sunnywale, CA, 
USA) with conductivity detector was used. Guard- and separation columns were AG11- 
HC and AS1 1-HC (4-mm). ASRS-ULTRA supressor in recycle mode (current 300 mA) 
was used. Eluent A was MQ-water and eluent B was 50 mM NaOH. Gradient program 
of the run: from 0.0 to 13.5 min 84% A and 16% B; linear increase to 100 % B; from 
14.0 to 24.0 min 100% B. Flow rate was 1.5 mLlmin and sample (1000 yL loop) was 
injected at 9 min after column equilibration. On-Guard A ~ + -  and H?-cartridges were in- 
stalled on line between autosampler and sample loop to precipitate chloride present in 
the samples. Limit of detection was 1.3 yg/L. 
TOC was measured using Shimadzu TOC-500015050 equipment by acidifying the sam- 
ple (to pH 3) with concentrated hydrochloric acid resulting in the releasing of carbon- 
ates as carbon dioxide, and measuring the remaining carbonic compounds26. 
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THMs were analyzed according to the standard CENIprEN 30301 27, which is a gas 
chromatographic method with an electron capture detection. Free chlorine was 
quenched from the samples with sodium thiosulphate. The sum of the four THMs (chlo- 
roform, bromodichloromethane, chlorodibromomethane, and bromoform), the TTHMs, 
was calculated. 
Alkalinity was adjusted with either 1M CaC03 or 1M NaHC03 solution, and it was 
measured according to the Finnish Standard SFS 3005 28, which is based on potenti- 
ometric titration of the sample with HCl (of a known concentration) to pH value 4.5. 
Both temperature and pH were measured in situ during the ozonation experiments. 
Temperature was measured on-line with Orbisphere 3600 analyzer for dissolved ozone, 
and the pH measurement was made with a calibrated WTW pH320-meter. 
High performance size exclusion chromatography (HP-SEC) method. Molecular size 
distribution of organic matter was measured by the method of Vartiainen and co- 
workers2' using HP-SEC with a TSK G3000SW column (7.5 mm * 30 cm; pre-column 
TSK SW, 7.5 mm * 7 cm) with UV-detection at 254 nm with sodium acetate buffer (pH 
7) as the eluent. The calibration of the HP-SEC system has been presented earlier2'. 
Organic acids. The organic acids measured were formate, acetate, propionate, pyruvate, 
oxalate and citrate. Dionex 40001 series ion chromatograph (Dionex Sunnywale, CA, 
USA) with the Ionpac AGl1-HC Guard Column and Ionpac AS1 1-HC Analytical Col- 
umn was used. The more detailed description of the analysis is described in Myllykan- 
gas et 
Mutagenicity of the water was tested using the Ames Salmonella assay on extracts ob- 
tained by an adsorption method3', and the more detailed description can be found in 
Myllykangas et al.32. 
4. RESULTS 
4.1 BROMATE FORMATION 
The bromate formation ranged from 2.8 to 9.1 yg/L when ozonation was conducted at a 
pH of 5.8 and at an alkalinity of 0.3 mM using two different ozone dosages (03/TOC 
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mass ratios -4 and 5.3) or temperatures (Table 5-11). The increase in the pH from 5.8 to 
7 increased the bromate formation at the ambient alkalinity of 0.3 mM (from 2.8 to 23 
&L, experiments A and D), while the increase in the alkalinity from 0.3 to 0.5 mM 
caused a clear increase in the bromate formation as well (from 9.1 to 35 pg/L, experi- 
ments C and E). The highest bromate formation ( l  l 8  yg/L) was observed after H202103 
treatment (H202103 molar ratio of 0.07) at a pH of 7, alkalinity of 0.5 mM, and tem- 
perature of 10°C. At this alkalinity (0.5 mM) only the H202/03 molar ratio of 0.07 was 
tested. Bromate formation throughout the experiments varied from 0.22 to 8.1 yg per 
mg of 03. The bromate concentration and dissolved ozone concentration (D03) or the 
bromate concentration and CT did not correlate well (r = -0.463 and r = -0.444, respec- 
tively, N = 8; Tables 5-11 and 5-111). However, at the ambient pH, the correlation be- 
tween the bromate concentration and the DO3 was good (r = 0.984, N=3). 
Table 5-11. The concentrations of the oxidants, total organic carbon (TOC), bromide ion, 
organic acids (OA), and bromate (Br03J. The TOC did not change during oxidation of 










acids (formate, acetate, propionate, pyruvate, oxalate and citrate); NI = the initial con- 









Approximately 50 yglL of TTHMs were observed after chlorination (Table IV). When 
the bromide concentration and the Cl2:TOC mass ratio were kept constant and TOC 
concetration was lowered down to 50% of the original, the total THM concentration de- 
creased by 40%, and more brominated THMs were formed (Fig. 5-1). TTHMs were 
formed 52-76 yg per mg of Cl2 used. However, when hydrogen peroxide was used as 
the preoxidant, the TTHM concentration was found to be higher. When hydrogen per- 
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oxide (at a dose of 1 mg/L) was used without chlorination, 7.9 yg/L of TTHMs were 
observed, all of which were bromide-containing THMs and half of which was bromo- 
form. The bromide-containing THMs corresponded up to 94% to 97% of the THM for- 
mation during the chlorination experiments, except in the experiment N, where only 
12% of the THM formation consisted of the bromide-containing THMs. 
Table 5-111. The CT-values (residual ozone concentration multiplied by the time it has 
affected the water; mg-min/L) and maximum concentrations of dissolved ozone (Max. 
D03, yg/L) observed in the ozonation experiments. CT-values are calculated using the 
average dissolved ozone concentration from the beginning to the end of ozonation, since 
the samples were taken when the ozone feed was cut off and no extra reaction time was 
used. 
TOC 1.5 mg/L TOC 2.2 mglL TOC 3.2 rnglL 
Figure 5- 1. The proportional formation of bromoform, chlorodibromomethane, bro- 
modichloromethane, and chloroform. The BrITOC mass ratios (pg Bf to yg TOC) 0.17, 
0.1 1, and 0.08 and the C121Br mass ratios (pg Cl2 to yg Br-) were 2,2.7, and 3.8, respec- 
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4.3 INORGANIC ANIONS 
The concentrations of the inorganic anions (chloride, nitrite, sulfate, nitrate, fluoride, 
and phosphate) ranged in the experiments between 155 and 173 mg/L, and the oxidation 
chemicals did not change their concentrations. 
4.4 ORGANIC ARBON 
Even though the TOC did not change during any oxidation or disinfection experiment, 
the amount of humus fractions analyzed by the HPSEC method decreased clearly. Espe- 
cially the higher molecular weight portions decreased during the treatments (Figs. 5-2a 
and 5-2b). 
l 








0.0012- Lake Kallavesi 
0.0010- 
0.000s- Unozonated water 
0.00W - 
0.0000q \__ __." C-- Y - -- .- 
BOO S (M ioloo ~ . m  1400 16.00 18.00 mao 22.m 




-0.00f 0- Chlorinated water 
-0.001 2- Unchlorinated water 
-0.001 4 
Figure 2. a. The effect of ozonation on the humus size fractions. For comparison, the 
seven humus peaks of Lake Kallavesi (a humus-rich lake with a TOC of 10-12 mg/L in 
the Eastern Finland) are presented. AU = absorbance units. b. The effect of chlorination 
on the humus size fractions. AU = absorbance unit. 
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Ozonation resulted in several times higher organic acid concentrations than chlorination 
(total concentration of about 600 yg/L vs. less than 200 yg1L). When ozonation was 
combined with hydrogen peroxide (H202 doses 0.8 mg/L and 3.8 mg/L) andtor at a 
higher alkalinity (0.5 rnM vs. 0.3 mM), the formation of organic acids was even higher, 
being more than 1000 &L. After ozonation experiments, the formation of the organic 
acids was 37 to 86 yg per mg of 03 .  The values after chlorination experiments ranged 
from 0 to 78 yg per mg of Ch. The above mentioned organic acid formations were cal- 
culated as the difference between organic acid concentration before and after oxidation. 
4.5 MUTAGENICITY 
The mutagenicity of the water leaving the water works was found to be 3750 net revIL 
(Table 5-1; N = 6). Mutagenicity was tested after the experiments I, M, and N (Table 5- 
IV). The highest mutagenicity (2800 net revIL) was found after chlorination, while hy- 
drogen peroxide combined with chlorination reduced the mutagenicity to 1700 net rev/L 
even though the bromide concentration was higher in the water. Hydrogen peroxide 
only resulted in a mutagenicity of 350 net rev/L. 
Table 5-IV. The concentrations of the oxidants, total organic carbon (TOC), bromide 
ion, organic acids (OA), trihalomethanes (THMs) and mutagenicity (Mut.) of the 
chlorination experiments. The TOC did not change during oxidation. Alkalinity was 0.3 
mmol/L. The initial OA concentration was approximately 86 + 8 &L. 
ruvate, oxalate and citrate); = the initial concentration; FINAL = the concentration after 
the experiment; THMs = the sum of the four trihalomethanes (chloroform, bromodi- 
chloromethane, chlorodibromomethane, bromoform); Br-THMs = the sum of the bro- 
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5. DISCUSSION 
5.1 BROMATE FORMATION 
Bromide is oxidized to bromate in several consecutive reactions, in which either the 
molecular ozone (03) or OH' are acting as the oxidizing agent (o.a.P3: Br- + OBr- (03 
as the 0.a.); HOBrIOBr- -+ BrO' (OH'lC0;- as the 0.a.) followed by: 2 BrO' --+ OBr + 
BrOi (natural conversion), or OBr + BrO; (03 as the 0.a.); and BrOi --+ BrO3- (03 as 
the 0.a.). It is noteworthy, that molecular ozone can oxidize only the deprotonated form 
of HOBr (i.e., OBr-) to result in bromate formation. Also, the OH' can initiate the bro- 
mate formation resulting in Bf  and further BrO' by molecular ozone33. 
Once bromate is formed, it is very difficult to remove from water8, pinpointing the im- 
portance of preventing methods. In a recent review by von ~ u n t e n ~ ,  the author lists two 
most important methods for bromate minimization during ozonation process, namely 
ammonia addition and pH depression, which have given promising results in several 
studies. The lower the pH, the higher the HOBr proportion in the HOBrIOBr- equilib- 
rium, which reduces the reactions between ozone and OBr resulting in less bromate 
formation on the presumption that ozone dose is n~rmalized~,~.  At pH 7, two percents of 
the total reactive bromine is present as OBr and the rest (98%) is HOBr, while the cor- 
responding values at pH 6 are 0.2% and 99.8%34. Thus, more than a ten-fold increase in 
the OBr- concentration is gained when ozonation pH is increased from 5.8 to 7 (as in 
this study), increasing the bromate formation as well (2.8 pg/L vs. 23 pg/L, respec- 
tively) despite of the high 03/TOC mass ratio of 4, since ozone reacts with bromine only 
as the OBr-. The water pH in the Finnish raw waters is most often below 6 22, which re- 
duces the reactions between bromide and ozone and, thus, reduce the bromate formation 
during ozonation. 
Ozonation is often combined with hydrogen peroxide, if some hard-to-remove-by-ozone 
micropollutants, such as pesticides, are present in the water. Hydrogen peroxide- 
ozonation is a typical advanced oxidation process (AOP) during which the OH radical 
formation is increased. In the AOPs, the formation of bromate as a result of the syner- 
gism of ozone and OH radicals is emphasized9. In this study, the bromate formation in- 
creased from 23 pg/L to 71 pg/L when H202 was introduced into the treatment system 
(at Hz02103 molar ratio of 0.1), while further increasing the H202 dose (to H202103 
molar ratio of 0.4), the bromate formation reduced back to 32 pg/L, when the ozonation 
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pH was 7 and the ozone dose was similar in each case. Croue et gained similar re- 
sults, and they proposed that the optimum H202103 molar ratio for maximum bromate 
formation would be 0.2-0.3, and above or below that ratio the bromate formation would 
be lower, which was observed in this study as well. When the H2O2IO3 molar ration is 
increased to the optimum value, the bromate formation increases with each addition of 
hydrogen peroxide35. This phenomenon has been found to yield from the reactions be- 
tween H202 and 03: at low H202 doses the bromate formation was high due to the ac- 
celerated OH radical production (i.e., the synergistic effect of molecular ozone and OH 
radicals was prevalent), while at high H202 doses the bromate formation decreased due 
to the increasing speed (becoming too fast) of ozone transformation to OH radicals, and 
preventing the reactions between molecular ozone and Br- or OBr 33. This effect was 
also seen in the F and G experiments. In the experiment G, the ozone reduction was 
very efficient, no residual ozone concentration was observed, and also the OH radicals 
were consumed effectively. 
The carbonate radical (COs'? can increase the reaction rates of the intermediates in the 
bromate formation (from OBr to BrOy) resulting in more b r ~ m a t e ~ ~ .  On the other hand, 
carbonate ion (co~'-) does not react with ozone but consumes OH radicals21, stabilizing 
the molecular ozone in the water, and increasing the reactions between ozone and OBr- 
and, thus, bromate formation. Our results showed increase in bromate formation when 
the alkalinity was increased from 0.3 mM to 0.5 mM, which might indicate the partici- 
pation of carbonate radical on the bromate formation reactions. 
5.2 TRIHALOMETHANES 
Since the chlorine dose in these experiments was less than half of the value used in the 
Uusikaupunki's water works (1 mg/L vs. 2.3 mg/L), the THM formation was also less 
than half (50 pg/L vs. >l00 pg/L) after chlorination, which was expected from the pre- 
vious results. In our study, as in the study of Rebhun et brorninated THMs contrib- 
uted more than 90% of the TTHMs, and bromoform was the dominant one 5-1). In 
the experiments using hydrogen peroxide oxidation before chlorination, the THM con- 
centrations were the highest observed in this study. However, the EU limit value for 
THM formation of 100 pg/L was not exceeded in the experiments. Even though the 
bromide concentration was higher (340 vs. 250 pg/L) in the hydrogen peroxide-chlorine 
experiment than the one during chlorination only, the proportional formation of bro- 
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mide-containing THMs was much lower when hydrogen peroxide was used before 
chlorination as compared to chlorination only. For a medium-bromide water, Batterman 
et al.38 found that at H2021C12 molar ratio of 21 (TOC 1.7 mg/L, bromide concentration 
120 pg/L, temperature 25°C and pH 7) the THM levels were reduced drastically, by 72 
f 9%. The differences in the results of Batterman et al.38 and of this study are probably 
because of the quite different H202IC12 molar ratios (21 and 0.5, respectively), indicat- 
ing the high oxidation power of hydrogen peroxide towards the precursors of the THMs. 
However, in the study of Batterman et al.38, the hydrogen peroxide was used to quench 
the chlorine after chlorination to prevent the formation of the DBPs, while in this study, 
hydrogen peroxide was used as the preoxidant to study its effect on the DBP formation 
during chlorination. 
5.3 BROMIDE ION REDUCTION 
In this study, virtually all utilized bromide was found as bromate formation (calculated 
as moles of bromide found in bromate per moles of utilized bromide) when ozonation 
was made at a pH of 7 and an alkalinity of 0.5 mM or with hydrogen peroxide addition. 
When ozonation was made at the ambient pH (5.8) and alkalinity (0.3 mM), the highest 
amounts of utilized bromide were observed (up to 56% of the initial concentration, Ta- 
ble 11), and the bromate formation corresponded only a few percents of utilized bromide 
suggesting the formation of other bromide-containing DBPs. The rest of the "not-seen" 
bromide can be in the water as HOBr or organic DBPs, such as bromoform, bromoace- 
tic acid, bromoalkanes9. Also, bromide and hypobromous acid can react to form bro- 
mine ( ~ 1 - 2 1 ~ ~ .  Hypobromous acid, on the other hand, has been found to react quite 
slowly with the organic matter in water33, which makes is quite stable in that environ- 
ment once it has gained the steady-state concentration. When ozonation was made with 
the presence of bromide in the water, up to 70% of the bromide was measured as the 
formation of total organic bromine40P1. Glaze et al.40 found bromoform formations of 42 
pglL and 76 pglL when they ozonated a water with spiked bromide (100 pM) at the 
pHs of 5 and 7, respectively. However, when the spiked bromide concentration was 
close to the one used in this study (5.4 pM vs. 6.3 PM), the bromoform formations were 
0.9 pg/L and below the detection limit (0.2 pglL) at the pHs of 5 and 7, respectively40, 
suggesting that in our experiments as well only small amounts of bromoform could have 
been found. According to the review article by von ~ u n t e n ~ ,  the formation of bromoor- 
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ganics has been found to be very low, and the most intensive research should be made 
upon the prevention of bromate formation. 
Even though bromide ion concentration often decreases during the treatment processes, 
the total bromine (including both inorganic and organic bromine compounds) concen- 
tration does, in fact, remain at the same level, since the water treatment processes do not 
remove those compounds effectively. The formation of bromoform (CHBr3, corre- 
sponding up to all bromide ions reduced during the experiments of this study) is a clear 
indicator that brominated DBPs are formed in high quantities, when bromide-containing 
waters are treated with strong oxidants such as chlorine, ozone and hydrogen peroxide. 
Bromide can be removed, e.g., with nanofilters4', at some degree with GACJBAC fil- 
t r a t i ~ n ~ ~ ,  or electrolytically44. However, many of the bromide-removing techniques cost 
too much for water works due to high energy consumption, and the optimizing of the 
disinfection processes seems to be more usable method. 
6. CONCLUSIONS 
According to the results of this study, even if the ozone dose was high, ozonation at the 
ambient conditions (pH 5.8, alkalinity 0.3 rnM) seems to work efficiently in respect of 
bromate formation, since the observed bromate concentrations remained below the EU 
limit value of 10 yg/L. Also, when chlorination was conducted at a chlorine dose of 1 
mg/L (as compared to 2.3 mg/L used currently in the water works, and the formation of 
TTHMs thereby), the THM formation could be lowered below the EU limit value of 
100 pg/L the TTHMs. 
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1. ABSTRACT 
The effect of bromide on the mutagenicity of artificially recharged groundwater and pu- 
rified artificially recharged groundwater after chlorine, ozone, hydrogen peroxide, per- 
manganate, and UV treatments alone and in various combinations was studied. The 
highest mutagenicity was observed after chlorination, while hydrogen peroxide-ozone- 
chlorine treatment produced the lowest value for both waters. Chlorinated waters, which 
were spiked with bromide, had up to 3.7 times more mutagenic activity than waters 
without bromide after every preoxidation method. 3-chloro-4-(dichloromethy1)-5- 
hydroxy-2(5H)-furanone (MX) was found to correspond as much as 76% of the overall 
mutagenicity in the waters not spiked with bromide. MX formation was found to be 
lower when the treated water contained bromide, implicating the formation of bromin- 
ated MX analogues. Trihalomethane formation increased when the treated water con- 
tained bromide. 
Keywords: bromide, preoxidation, disinfection, mutagenicity, 3-chloro-4- 
(dichloromethy1)-5-hydroxy-2(5H)-furanone (MX), trihalomethanes 
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2. INTRODUCTION 
Mutagenic activity of chlorinated water has been studied extensively since the begin- 
ning of the 1980s'". Chlorine is a very powerful disinfection chemical with a strong 
oxidizing potential. Chlorination of organic matter in water results in disinfection by- 
products (DBPs), such as trihalomethanes (THMs). On the other hand, less attention has 
been paid to the mutagenicity of the corresponding waters treated with alternative disin- 
fectants, such as ozone and UV, even if some of those have a higher oxidation potential 
than chlorine. 
Bromide has been found to form harmful DBPs with the disinfectants used for water 
disinfecti~n~,~. Brominated by-products are suspected to be more harmful to health, and 
also much stronger carcinogens and mutagens than their chloride-containing ana- 
1 0 ~ u e s ~ ~ ~ .  High bromide concentration is typical in surface and groundwaters in the 
coastal areas. Otherwise, bromide concentrations are low, only some micrograms per 
liter. Bromide concentrations in drinking water samples from the coastal Finland were 
as high as 485 p g / ~ 7 .  
The highly mutagenic compound, 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)- 
furanone (MX), first identified in chlorinated pulp liquors8, has been found also from 
chlorinated drinking waters in the United states9,  inland"^", the United ICingdoml2, 
~ a ~ a n ' ~ ,   etherl lands'^, ~ ~ a i n ' ~ ,  poland16, the Peoples Republic of china17, and Austra- 
lia''. MX has been found to represent up to 63 to 67% of the total mutagenicity of the 
drinking  water^""^. MX contains three chlorine atoms, but chlorine can be replaced by 
bromine corresponding to the speciation of THMs when treating bromide-containing 
waters4,". The mutagenicity of MX and its brominated analogues is greatly affected by 
the site of the halogen substitutions and other substitutions6. 
Surface waters especially in boreal regions (Scandinavia, Canada, Northern USA, Rus- 
sia) contain a considerable amount of organic matter, up to 40 mg/L total organic car- 
bon (TOC)~'. TOC contains precursors for mutagenic and other possibly harmful com- 
pounds formed during disinfection. Since drinking waters are in many cases produced 
from surface waters, such as rivers and lakes, the amount of the TOC has a strong influ- 
ence on the products formed during the purification steps. One technique to remove 
humus from the surface water is to produce artificially recharged groundwater, the pro- 
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duction of which has gradually increased in bored regions2'. Even if the TOC is re- 
moved by 70 to 80% during conventional water treatment, bromide is not removed ef- 
fectively enough4. In fact, when the removal of organic matter from raw water is im- 
proved, the bromide-to-organic matter ratio increases, which further enhances the reac- 
tions between bromide and oxidants resulting in more brominated organic compounds. 
Chlorination is the most typical disinfection method in the waterworks. Chlorine reacts 
with the organic matter in water resulting in many chlorinated by-products22. Ozone and 
advanced oxidation processes, e.g. hydrogen peroxide combined with o ~ o n a t i o n ~ ~ ,  chlo- 
ramineZ4, and UV*~, have proven to be effective disinfection agents as alternatives to 
chlorination. Those methods can be used to decrease the amount of DBPs formed during 
the production of drinking water due to oxidation of organic matter in water. Potassium 
permanganate is used mainly for oxidation of metals (manganese and iron) from drink- 
ing  ate?^. 
The aim of these experiments was to study the effect of bromide on the mutagenic ac- 
tivity and the THM and MX concentrations of humus-containing artificially recharged 
groundwater (AW) and purified AW (PW) after several preoxidation methods and UV 
treatment with postchlorination. 
3. MATERIALS AND METHODS 
3.1 TREATED WATERS AND THE TREATMENT TRAIN 
The AW from Lake Kallavesi, and in the Kuopio waterworks by coagulation with 
Al~(S04)~,  flotation, and sand filtration purified PW were used in our experiments. 
Since the water does not contain natural bromide, it was added as sodium bromide 
(Merck, extra pure) solution to the initial concentration of 500 yg Br-/L to the water. 
The treatment train is described in Fig. 1 in Myllykangas et al.27, and the chemical dos- 
ages used in the experiments are presented in the Table 6-1. Both waters were treated 
with chlorine, ozone-chlorine, hydrogen peroxide-ozone-chlorine, and permanganate- 
chlorine combinations. The PW was also treated with hydrogen peroxide-chlorine, and 
UV-chlorine combinations. The dosages of chemicals for the experiments were selected 
to simulate current practice at full-scale treatment plants. 
Table 6-1. Bromide concentrations; ozone, hydrogen peroxide, permanganate, and ammonium chloride doses; UV fluence; total organic carbon 
(TOC) content; mutagenicity; MX and THM concentrations in the artificially recharged groundwater (AW) and purified water (PW). AW: chlo- 
rine dose = 2 mg/L; PW: chlorine dose = 1 mg/L except for two cases indicated with an asterix (*) where the chlorine dose was 2 mg/L. 
Note [Bi], pglL [03], Others [TOC], Mutagenicity, [MX], MX's contributiona to THM, pglL 
spikedlresidual mglL net revIL nglL mutagenicity in % total bromin- 
ated 
AW + Cl2 0 4.3 3800 101 68 45 1.4 
AW + Cl2 5001280 4.3 4800 63 34 89 73 
PW + Cl2 0 3.9 2200 65 76 21 1.3 
PW + Cl2 5001370 3.7 3000 23 20 52 47 
AW + O3 + Cl2 0 4.86 6.1 3500 75 55 34 2.7 
AW + 0 3 +  Cl2 5001330 4.80 5.7 3500 40 29 73 57 
PW+O3+CI2 0 2.60 3.3 1700 20 30 10 0.4 
PW+O3+CI2 5001330 2.60 2.8 2300 6 6 58 58 
PW + O3 + Cl2 (*) 0 4.80 3.0 2100 35 43 28 2.6 
PW + 0 3 +  Cl2 (*) 10001420 4.70 3.3 7800 2 1 7 171 171 
AW + H202 + 0 3  + Cl2 0 4.76 1.5 5.8 2300 53 59 22 0.4 
AW + H202 + 0 3  + C12 5001430 4.75 1.5 5.4 2700 44 42 30 15 
PW + H202 + Cl2 0 1 .O 3.2 510 nd (3) - (16) 7.9 0.1 
PW + H202 + Cl2 5001500 1 .O 3.3 940 18 49 11 3.5 
THM total = trihalomethanes, the sum of the concentrations of chloroform, chlorodibromomethane, bromodichloromethane and bromoform; 
THM brominated = THM total - chloroform; net rev/L = net revertants per litre from the Ames test; MX = 3-chloro-4-(dichloromethy1)-5- 
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3.2 OXIDATION METHODS 
The pH of the water (15 L) was adjusted to 8.5 with 1 M Ca(OH)2 solution before 
chlorination. The NaOC1-solution at a ratio of C12:TOC = 1:3 was applied, and the water 
was mixed for 5 minutes after the solution was added. Permanganate ( M n 0 4  was 
added as KMn04-solution to the waters three hours before chlorination. The chosen 
KMn04/Mn mass ratios for the experiments were 2, 3, and 4, with the initial manganese 
concentrations of 0.11 mg/L in the AW and 0.02 mg/L in the PW. Ozonation and hy- 
drogen peroxide-ozone experiments were carried out in a semi-batch reactor, which is 
explained in detail in Myllykangas et 
3.3 UV EXPERIMENTS 
W-experiments were conducted using a 20-cm-wide (total area facing the lamps was 
800 cm2), roofless water channel and 10 adjacent UV-lamps (Philips T W  15 W G1 5T8 
low-pressure mercury lamps). The water flowed through the channel as a thin water 
layer (approximately 2-3 mm thick) with a l-L/min flow. The W intensity was meas- 
ured by Macam Spectroradiometer (Model SR 9910, Macam Photometrics ltd., Living- 
stone, UK) at the wavelength range of 240 to 260 nrn. The intensity average was 5.7 
mwlcm2 at 30 cm distance (three measuring points: ?4, %, 34 of the length at the center 
of the lamp row), and the flow-through time was 8.5 s achieving the fluence of 48 
m ~ / c m ~ .  
3.4 MUTAGENICITY AND MX 
Mutagenicity of the water was tested using the Ames Salmonella assay on extracts ob- 
tained by an adsorption method2. The water was acidified to pH <2 with concentrated 
HC1 before the adsorption of the inorganic compounds onto the XAD-7 resin. The ad- 
sorbed compounds were eluted from the resin with ethyl acetate, which was evaporated 
in a rotavapor to almost complete dryness and exchanged to dimethyl sulfoxide3. Muta- 
genicity was assayed using the Ames test with Salmonella typhimurium TA 100 test 
strain without enzymatic activation2'. The value of mutagenicity was obtained from a 
regression analysis with values > 0.960 and ANOVA significance F from 1.5E-8 to 
7.OE-16, when the number of measured points was 10-14. The quantitation limit of 100 
net revertants per litre can be used, since it is the amount of spontaneous mutations in 
control (blank) sample. MX was derivatized after XAD-7 extraction with ethyl acetate 
by sulfuric acid isopropanol. Formed derivative was extracted with hexane and analyzed 
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gas chromatographically (Hewlett-Packard 6890) with high-resolution mass spectrome- 
try (VG 70-250SE). Distinction column J&W Scientific DB-DIOXIN (60 m, ID 0.25 
mm, film 0.15 pm) was used. The detection limit for MX was 5 ng/L. Fragment ions 
(M-OC3H7) were 198.9120 and 200.9091 with theoretical ratio 100196 when analyzed 
with the high resolution GC-MS. Mutagenicity of MX was assumed to be 5600 net 
revlnm01'~ when calculating the contribution of MX of the overall mutagenicities. 
3.5 OTHER ANALYTICAL METHODS 
THMs were analyzed according to the standard CENlprEN 30301 30, and the sum of the 
four THMs (chloroform, bromodichloromethane, chlorodibromomethane, and bromo- 
form) was calculated. TOC was measured according to the Finnish Standard SFS-EN 
1484 31. 
3.6 STATISTICAL ANALYSIS 
Pearson correlation coefficients (R) between the different parameters were calculated 
using SPSS 9.0 for Windows. 
3.7 MUTAGEMCITY MODEL 
The equation developed by Vartiainen et al.24 describes the quantitative relationship 
between the mutagenicity of water extracts and organic carbon, chlorine dose and the 
concentration of ammonia: Mutagenicity in TA100 = A  (1 - e -9. In the equation A 
and k are constants (A = 4000 and k = 0.054 for TOC values) and c is a parameter de- 
pendent on organic carbon (TOC, KMn04-number, or color), chlorine dose and ammo- 
nia [ ( I -NH~)~]  concentrations. Mutagenicity is the sum of mutagenicities produced by 
prechlorination and postchlorination24. For our data set, new values for the constants A 
and k were determined using the multiplications of the oxidant's doses and the TOC as 
the c-value to compare whether the equation would suit for our results. The estimation 
was done with the NLIN procedure using the Marquardt, Gauss-Newton and Newton 
iterative least squares methods32. 
4. RESULTS 
4.1 MUTAGEMCITY AND MX FORMATION 
4.1.1 Effect of chlorination alone 
Bromide increased the mutagenicity of tested waters during chlorination as compared to 
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waters without bromide (Table 6-1, Fig. 6-1). The mutagenicities of chlorine treated AW 
and PW with bromide were 1.3 to 1.4 times the mutagenicities of chlorinated waters 
without bromide. With bromide, the contribution of MX of the overall mutagenicities 
were 34 and 20% for AW and PW, respectively, while without bromide, the respective 
values were 68 and 76% (Table 6-1). 
PW, Br- m 
Figure 6-1. The observed mutagenicities of A. the treated artificially recharged ground- 
water (AW); and B. the treated purified artificially recharged groundwater (PW) with 
and without spiked bromide. 
4.1.2 Effect of ozonation combined with chlorination 
Bromide did not change the mutagenicity of the AW that was treated with ozone and 
chlorine (Table 6-1, Fig. 6-1). However, the mutagenicity of the bromide containing PW 
was 1.4 times the one of the similarly treated water without bromide. Ozonation before 
chlorination of bromide containing AW and PW resulted in approximately 0.75 times 
the mutagenicities found after chlorination. However, without bromide, ozonation be- 
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fore chlorination hardly did alter the mutagenicity of the AW, while the mutagenicity of 
the PW was 0.75 times the one formed during chlorination. MX contributed 29 and 6% 
of the overall mutagenicities of bromide-containing AW and PW after ozone-chlorine 
-treatments, while the respective values of bromide-free waters were 55 and 30% (Table 
When the PW was treated using doubled ozone and chlorine doses at doubled initial 
bromide concentration, the mutagenicity was 2.6 times higher than after mere chlorine 
treatment without bromide (Table 6-1). On the other hand, doubled ozone and chlorine 
doses used for the PW without bromide resulted in approximately similar mutagenicity 
than chlorination alone. Ozone treatment alone increased only the mutagenicity of the 
AW slightly, while no effect on the mutagenicity of the PW was found. The increased 
ozone and chlorine doses increased the contribution of MX of the overall mutagenicity 
from 6 to 7% with, and from 30 to 43% without bromide (Table 6-1). 
4.1.3 Effect of hydrogen peroxide, ozone and chlorine 
Hydrogen peroxide combined with ozone and chlorine treatments of the bromide- 
containing AW and PW induced mutagenicities (Table 6-1, Fig. 6-1) which were 0.5 and 
0.25 times the ones after chlorination only, respectively. Similar treatments of bromide- 
free waters caused mutagenicities of 0.7 and 0.25 times the ones found after chlorina- 
tion. 42 and 23% of the overall mutagenicities could be found as MX formation after the 
treatments of bromide-containing AW and PW, respectively. The contributions in wa- 
ters without bromide were 59 and 40% for the AW and PW, respectively. On the other 
hand, hydrogen peroxide-chlorine treatment of the PW resulted in 0.3 and 0.25 times the 
mutagenicity found after chlorination with and without bromide, respectively, while the 
contribution of MX of the overall mutagenicity was 49% with and 16% without bro- 
mide (Table 6-1). 
4.1.4 Effect of permanganate and chlorine 
Bromide increased only slightly the mutagenicities of the AW and PW after permanga- 
nate and chlorine treatment (Table 6-1, Fig. 6-1). The mutagenicities of the AW and PW 
after permanganate and chlorine treatments were 0.6 to 0.9 times the ones found after 
chlorine treatment alone. The results are shown only after the treatments at a 
K M n O m n  -ratio of 3. The MX contributed 38 and 17% of the overall mutagenicities 
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of AW and PW with bromide, while the value without bromide was 64% for both wa- 
ters (Table 6-1). 
4.1.5 Effect of UV and chlorine 
Bromide increased the mutagenicity 1.4-fold of the PW after UV and chlorine treatment 
as compared to non-bromide water. 43% of the mutagenicity of the treated PW without 
bromide could be found as MX, and no result is available for bromide-containing water 
(Table 6-1, Fig. 6-1). 
Figure 6-2 shows the colony numbers with regression of three experimental pairs (with 
and without bromide) of this study. 
4.2 TRIHALOMETHANE FORMATION 
When the treated water contained bromide, the THM formation increased clearly as 
compared to the waters without bromide (Table 6-1). The bromide-induced increase 
varied from 1.3 to 6.2-fold, being the greatest in ozone-chlorine treated PW with dou- 
bled bromide concentration (1000 yglL). It was clearly seen that when the treated water 
contained bromide, the concentrations of more brominated THMs increased, while the 
chloroform concentrations remained at the same level or even decreased (results not 
shown). 
4.3 TOC AFFECTING MUTAGENICITY 
The effect of the TOC content on the mutagenicity was obvious when comparing AW 
and PW. Regardless of the presence of bromide, a low TOC (3 mg/L) resulted in 0.2 to 
0.8 times the mutagenicity of the experiments, in which the TOC was higher (6 mg/L). 
The increasing effect of the TOC was dependent on the oxidation method used: the 
greatest effect was found after hydrogen peroxide-ozone-chlorine treatment, and the 
smallest after permanganate-chlorine treatment. 
4.4 CORRELATION COEFFICIENTS 
The Pearson correlation coefficients (R) for bromide-containing and bromide-free wa- 
ters are listed in Table 6-11, and Fig. 6-3 shows the distributions of the values. The high- 
est correlations regardless of the presence of bromide between mutagenicity and MX 
(0.950), between mutagenicity and TOC (0.998), as well as between mutagenicity and 
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THM formation (0.994) occurred when hydrogen peroxide-ozone-chlorine treatment 
was used. 
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Figure 6-2. Colony numbers and regression obtained from the Ames assay with and 
without spiked bromide of a. chlorinated artificially recharged groundwater (AW+Cl2); 
b. chlorinated purified artificially recharged groundwater (PW+C12); and c. purified arti- 
ficially recharged groundwater ozonated and chlorinated with double doses 
(PW+03+C12(*)). Additional information can be found from the Table 6-1. 
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4.5 COMPARISON TO THE MODEL 
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The constants A and k were iterated with the SAS-software. Table 6-111 lists the results 
0 
obtained from the iteration of the constants A and k of the model presented by Varti- 
ainen et 
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Table 6-11. The Pearson correlation coefficients (r) for the waters with and without bro- 
mide. The results after ozonation and UV as well as those not detected or analyzed are 
omitted from the results. 
N Mutagenicity Mutagenicity Mutagenicity 
AW, no B i  4 0.547 (*) 0.926 0.940 
AW, B i  4 0.535 (*) 0.71 9 0.889 
PW, no Br- 7 0.256 0.846 0.786 
PW, B f  7 0.118 0.543 0.991 
All, no B i  11 0.791 (*) 0.952 0.895 
All, B i  11 0.210(*) 0.377 0.970 
Whole material 22 0.367 (*) 0.405 0.930 
(*) AWTCI~ treatment omitted, N = number of experiments 
0 1000 2000 3000 4000 5000 
Figure 3. The correlations (correlation coefficients, R) between mutagenicity and MX 
formation (I) and THM-concentration (11) for the whole material. a: values obtained 
from the experiments without spiked bromide. %I = 0.899, R,n = 0.939. b: values ob- 
tained from the experiments with spiked bromide. R ~ , I  = 0.596, Rb,n = 0.976. 
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Table 6-111. The parameters A and k according to the model by Vartiainen et al., 1988 
estimated with the NLIN procedure using the Marquardt, Gauss-Newton and Newton 
iterative least squares methods (SASISTAT @, 1989). All the methods provided same 
parameter values. Presumed values were A = 4000 and k = 0.054. 
[CI2]*[TOC] [03]*[C12]*[TOC] [others]*[CI2]*[TOC] [all]*[CI2]*[TOC 
l 
A 3176 3590 2705 2437 
k 0.238 0.073 0.470 0.142 
Others = H202 and KMn04; all = all oxidative agents (except chlorine) used. 
5. DISCUSSION 
The effect of bromide on the mutagenic activity and MX concentrations of post- 
chlorinated natural water is clearly seen from the results. The waters with spiked bro- 
mide were more mutagenic and also had more THM formation than the corresponding 
waters without bromide. MX formations of the bromide-spiked waters were lower than 
the ones of the waters without bromide. Without chlorination, i.e. during ozonation and 
UV treatment alone, no mutagenic activity, MX formation, or THM formation was ob- 
served. On the other hand, both ozonation and UV treatment did reduce the mutagenic- 
ity of post-chlorinated water as compared to only chlorinated water. Mutagenicity of 
drinking water has been shown to depend on the disinfectant and its dosage, disinfection 
pH and the quality of the organic matter in the   at er^,^^,^^. 
Very few publications are available concerning the effects of bromide on drinking water 
mutagenicity. Nobukawa and sanukidas recently published some interesting results 
about chlorination of isolated humic acid in the presence of bromide ions. They found 
that bromide ions increased the mutagenicity up to 3.3 times of the value of non bro- 
mine-spiked water. Our results show that the presence of bromide ions increases also 
the mutagenicity of disinfected natural waters. The effect could be seen not only after 
chlorination but also after treatment with several preoxidants used widely for the pro- 
duction of drinking water. 
5.1 MUTAGENICITY AFTER OZONE-CHLORINE TREATMENT 
Ozone is one of the most powerful oxidants used in drinking water production, and it is 
often used as an alternative for chlorination to avoid the formation of DBPs. However, 
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as with every preoxidant tested, ozonation before chlorination decreased both the muta- 
genicity and the formation of MX with and without bromide as compared to chlorina- 
tion only. The decrease in mutagenicity is in accordance with the results of Matsuda et 
Anyhow, in our experiments, the mutagenicity was higher all but one time when 
the water contained bromide, when compared the results with bromide-free waters. 
Only after ozone-chlorine treatment of the AW, the mutagenicities were the same re- 
gardless of the presence of bromide. Ozone is known to reduce the reactivity of humus, 
but, on the other hand, it also increases the formation of hypobromous acid  HOB^)^^, 
which can then react further with organic matter and chlorinated compounds resulting in 
higher mutagenicity and lower MX concentrations in the presence of bromide. 
5.2 MUTAGENICITY AFTER HYDROGEN PEROXIDE-OZONE-CHLORINE TREATMENT 
The lowest mutagenicity during our experiments was observed from waters oxidized by 
hydrogen peroxide before ozonation and chlorination at the H202/03 mass ratio of 0.3. 
Hydrogen peroxide-ozone treatment before chlorination has been observed to remove 
mutagenicity totally for similar AW to the one used in these experiments at the optimal 
H202/03 mass ratio of 0.7 (mg/mg)37. Hydrogen peroxide combined with ozonation rep- 
resents an advanced oxidation process23, which results in greater amount of hydroxyl 
radicals, which are non-selective oxidants in water3'. The reaction between hydroxyl 
radicals and bromide is exceedingly faster than between ozone and bromide39, and the 
reduction of hypobromous acid back to bromide is also very likely. On the other hand, 
the reactions between hydroxyl radicals and organic matter decrease the amount of re- 
active sites very rapidly reducing the formation of DBPs and mutagenicity. 
5.3 MUTAGENICITY AFTER PERMANGANATE-CHLORINE TREATMENT 
Bromide increased the mutagenicity of permanganate-chlorine -treated water only 
slightly (1.05 to 1.2) as compared to the treatments of bromide-free waters. However, 
permanganate-chlorine -treatment reduced mutagenicities of both waters as compared 
to chlorination only, with and without bromide. Stoichiometrically 1.92 mg KMn04 is 
needed to oxidize 1 mg Mn at a pH 25.5 40. Thus, in all of our experiments there was 
more MnOd than is needed for manganese oxidation, which resulted in the oxidation of 
organic matter as well. Permanganate oxidation reduced some of the mutagenicity in 
our experiments, which is parallel with the results of Vartiainen et al.3. They found that 
permanganate oxidation before chlorination removed almost completely the mutagenic- 
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ity of the AW. They suggested it to be due to excess permanganate oxidizing the by- 
product precursors of, for example, the THMs. Furthermore, according to their results, 
that causes a decrease in the chlorine consumption and a reduction in the mutagenicity 
of chlorinated A W ~ .  
, 5.4 MUTAGENICITY AFTER W TREATMENT 
The W fluence capable to destroy the microbes in the water has been proposed to be 25 
to 35 m ~ / c m ~  41. According to that knowledge, the UV fluence (48 m ~ / c m ~ )  applied in 
our experiments was applicable to disinfect the treated water. In our experiments, UV 
before chlorination decreased the mutagenicity of the PW. Spiked bromide concentra- 
tion decreased more during UV and chlorine treatment than during ozone-chlorine - 
treatment (210 vs. 170 pg/L reductions, respectively). Still, both of the reduction values 
are in accordance with our unpublished results that one half, or even more, of the 
bromide found in raw water is consumed during the water treatment processes. W 
disinfection has been found both to decrease and increase drinking water 
mutagenicig5. 
5.5 MUTAGENICITY AND MX 
The relation between mutagenicity and MX formation has been observed to be very 
constant after water treatment processeslO~"~lg. However, when the treated water con- 
tained bromide in our experiments, it was observed that the mutagenicity1MX -ratio 
changed noticeably. 
Our results from the MX analyses are in accordance with observations by 
that the formation of MX is the single most potent increasing factor of drinking water 
mutagenicity, corresponding up to 76% of the overall mutagenicity. The contribution of 
MX to the overall mutagenicity of bromide containing waters varied between 29 and 
42% of the AW and between 6 and 49% of the PW, while the respective values of bro- 
mide-free waters were from 55 to 68% of the AW and from 16 to 76% of the PW. When 
MX formation (ng/L) was calculated per mg/L of TOC, the MX formation was similar 
(approximately 11 mg MX / mg TOC) after any treatment of the AW without bromide 
in spite of the changes in mutagenicity, while the effect on the PW was not as clear. 
Hydrogen peroxide seemed to lower the MX formation the most in both waters when no 
bromide was present. 
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It was observed that since the mutagenicity increases and the MX formation decreases 
with the presence of bromide, other compounds than MX are causing the mutagenicity. 
This observation in turn foreshadows the formation of brominated MX analogues, 
which are found to form similarly to the brominated THMs, during the oxidation ex- 
periments. However, the formation of brominated MX analogues in drinking waters is 
yet to be confirmed, and the work for those results is in progress. Moreover, brominated 
MX-compounds are not solely responsible for the extra mutagenicity, but also other 
bromide-containing compounds have their share in the pool of mutagenicity-inducers. 
If the mutagenicity of brominated MX analogues is assumed to be 7400 net revertants 
per nanomole (ref. 6; the highest observed mutagenicity of the dibromochloro-MX, 
BMX2, in their experiments), the increases in mutagenicities implicate that 5 - 70 ng/L 
of those compounds were formed during the experiments assuming that the contribution 
of the MX compounds to the total mutagenicity remained the same in corresponding 
experiments with and without bromide. Ramos with co-workers43 observed mutagenici- 
ties of 5775,8772 and 13078 rev per nanomole for BMX1, BMX2, and BMX3, respec- 
tively. The concentration of the brominated MX analogues can be assumed to be even 
higher (>l 10 ng/L) in the experiment, in which the PW was ozonated and chlorinated at 
double dosages with 1000 yg/L bromide in the water. 
5.6 TRIHALOMETHANES 
THM formation during our experiments complied with the results obtained earlier: more 
bromide-containing compounds were formed when the treated water contained bro- 
mide4. The formation of chloroform decreased, or even stopped completely, when the 
treated water contained bromide, and bromoform was found to form at even higher con- 
centrations than chloroform would in the respective water without bromide. The THM 
formation was dependent on the disinfectant(s) used, which is also in accordance with 
other researchers' results44. 
5.7 CORRELATION COEFFICIENTS (R) 
A good linear correlation between mutagenic activity and MX concentration without 
bromide (0.899) was observed. However, when bromide spiked waters were treated, the 
correlation between mutagenicity and MX formation was considerably lower (0.596). 
Also, for the whole material, inspite of the presence of bromide a quite good correlation 
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coefficient between mutagenicity and MX formation was obtained (0.649 vs. 0.894 [ref. 
101 and 0.86 [ref. 191). Mutagenicity and THM concentration correlated well both with 
and without bromide (0.976 and 0.939, respectively), being somewhat greater in the 
presence of bromide. In a similar manner, the correlation between mutagenicity and 
THM concentration for the whole material was high (0.942 vs. 0.37 [ref. 191 and 0.93 
[ref. 451). On the other hand, when rnutagenicity was compared to TOC concentration, 
the correlation was relatively weak for the whole material, non-bromide and bromide- 
containing waters (0.379, 0.377 and 0.355, respectively, vs. 0.478 [ref. 241 and 0.89 
[ref. 461). This indicates that the TOC content is not the only decisive factor in the for- 
mation of mutagenicity, and, e.g., the presence of bromide ions in the water has effec- 
tive contribution. 
5.8 COMPARISON TO THE MUTAGENICITY MODEL 
The model by Vartiainen et al." can be used to predict the mutagenicity formation dur- 
ing disinfection processes. The parameters A and k estimated using the data from our 
results appeared to be quite close to the values presented earlier (A = 4000, k = 0.054), 
and all three NLIN procedures used showed similar results. However, the k-values were 
4.4-fold higher for no pre-oxidation experiments, and 8.7-fold higher for other pre- 
oxidation methods used (see Table 6-111) as compared to the old model. The present re- 
sults are also parallel with the ones of Nissinen and CO-workers45, who used the results 
from several water treatment plants and compared those with the results from this 
model. Thus, our results showed that this model can be used also for predicting muta- 
genicity during disinfection experiments made in laboratory-scale. 
6. CONCLUSIONS 
1. Bromide increased the mutagenicity of the water with all preoxidation agents used. 
2. MX contribution of the overall mutagenicity varied between 6 and 49% in bromide- 
containing waters, while it varied between 16 and 76% without bromide. This result 
implicates the possible formation of brominated MX analogues. The contribution of 
other brominated disinfection by-products to the total mutagenicity should be stud- 
ied more thoroughly. 
3. Bromide containing waters had higher THM concentrations than waters without 
bromide. 
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1. BROMIDE IN NATUFUL WATERS AND IN FINLAND 
Bromine-containing DBPs are problematic due to their potential to damage the health of 
water consumers. Bromide itself has not been observed to cause health problems, but 
bromine-containing DBPs are known to be more mutagenic and more harmful than their 
chlorinated counterparts. 
Chlorination is the most often used disinfection method in drinking water production, 
and it has been found to produce high amounts of DBPs, such as THMs, HAAs, and 
MX, compounds which are known to be hazardous. Chlorarnination produces smaller 
amounts of similar DBPs than chlorination, but it is a weaker disinfectant than chlorine. 
Preoxidation with ozone has been found to reduce the formation of those compounds, 
and ozone combined with chlorination produces smaller amounts of chlorinated DBPs. 
Ozone alone produces smaller amounts of halogenated DBPs than chlorination, but in 
the presence of bromide, bromate and bromoform are formed. Ozonation oxidizes the 
organic matter very efficiently resulting in the formation of a high amount of small- 
molecular-weight organics, such as aldehydes, ketones, and many organic acids, which 
represent potential food sources for microbes living in the distribution systems leading 
to biofilm growth in the pipes. Ozone with hydrogen peroxide is often used to treat wa- 
ters with persistant contaminants, such as pesticides, producing similar DBPs as are ob- 
tained with ozone alone. Permanganate and W treatments alone have not been found to 
produce any DBPs. 
Appendices 1 - 3 show the results obtained from the experiments of this study including 
also some extra information, which has not been included in articles I - V. Those results 
are compared with the ones obtained from 24 Finnish water works (Table l-IX). From 
Table 1-IX one can observe that those water works which had bromide present in their 
raw water in concentrations varying from 25 to 362 pg L-l. Only one water works had a 
bromide concentration exceeding 350 yg L-' (SWl), while three of them had 100 - 200 
pg L*' bromide (SW2, SW3, and SW4), and five had less than 100 pg L-' bromide 
(SW5, SW6, SW7, GW1, and GW2) in their water. Thus, 15 of the studied water works 
did not have any detectable bromide (above 20 yg L-') in their raw water. 
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2. EFFECT OF BROMIDE ON THE DISINFECTION BY-PRODUCTS 
2.1 BROMATE FORMATION 
Bromate formation was observed at a spiked bromide concentration of 50 pg L-l. When 
bromide concentration increased from 50 - 100 pg L-l, the bromate formation increased 
more than nine times (111). This result is in parallel with earlier observations that bro- 
mate formation increases with increasing bromide concentration14. However, no further 
enhanced bromate formation was observed at a bromide concentration of 500 pg L-' un- 
der similar conditions (111). 
It has been observed that the threshold levels for bromate formation of both bromide 
and ozone concentrations are water ~ ~ e c i f i c ~ ' ~ .  In a study of a humus-rich water with 
spiked bromide at a level of 500 yg L-' (111), the bromate formation was more than four 
times higher than in a study of a water source with a naturally high bromide concentra- 
tion of 460 yg L-' (IV) in spite of a doubled ozone dose in the latter study (6.3 vs. 12.6 
mg L-l). Thus, the threshold levels of bromide and ozone for bromate formation were 
clearly different between these two waters. 
On the other hand, in both studies I11 and IV, the bromate formation increased with in- 
creasing ozone dose, hydrogen peroxide concentration, and pH, which are in agreement 
with previous studies showing similar effects of those parameters on bromate forma- 
t i ~ n ~ ~ .  The effect of hydrogen peroxide was similar to previous results, which have 
shown that hydrogen peroxide increases bromate formation until the optimum H202/03 
molar ratio of 0.2 - 0.3 has been reached3, and at higher concentrations of hydrogen 
peroxide, the formation is again reduced7. With increasing alkalinity, the change in the 
bromate formation was observed only in study IV. An increase in alkalinity has been 
observed either to increase or to decrease bromate formation in earlier An 
increase in the ozonation temperature increased the bromate formation in the study I11 
more than in the study IV, but the results in both experiments were rather similar to pre- 
viously published observations5. 
The effect of different water matrices on bromate formation were clearly seen when the 
results from studies I11 and IV were compared. Whereas the water in study I11 was taken 
from an inland humus-rich lake water with no effect of sea-water resulting in relatively 
low concentrations of the inorganic anions, the water in study IV was taken from the 
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coast and was greatly influenced by sea-water and the old sea-bed with several times 
higher concentrations of inorganic anions (Table 7-11). Even though the concentrations 
of the inorganic anions did not change in the course of ozonation, the matrix effect 
should not be neglected. 
Table 7-11. The average concentrations (+ standard deviation, mg L") of the inorganic 
anions of the non-oxidized water samples from study I11 with a humus-rich, bromide- 
free lake water, and the corresponding values from study IV with a high-bromide sur- 
Several hypotheses were examined to study the effects of the different parameters on 
the bromate formation, and correlation coefficients were calculated. The initial bromide 
concentration, ozone dose, ozonation temperature and pH, or the oxidation of the or- 
ganic matter were not found to explain the bromate formation in studies I11 and IV, 
when the comparisons were made with separate or combined data (Appendix 1). How- 
ever, the organic acid concentration in the treated water did correlate well with bromate 
formation in the data from study IV. No bromate formation was observed in the data 
from the Finnish water works, thus, no correlation between experimental and full-scale 
results could be made. 
face water. 
Bromate was not analyzed from the data from the 24 Finnish water works. However, if 
bromide-containing waters were treated with ozone, the potential for bromate formation 
would have had to be taken into account, which was seen in the study I11 (Chapter 4) 
showing that at an ozone dose of approximately 6 mg L-l, over 10 yg L-' bromate was 
formed under ambient pH (6.2) when the treated water was typical Finnish inland water 
with a high organic content in the raw water. On the other hand, when the water had a 
different quality of the humus as in the water taken from the coastal area (study IV, 
Chapter V), bromate formation remained significantly lower (less than 3 yg L-l) than in 
the study I11 even if the ozone dose was 12 mg L-' at a pH 5.8. Thus, the ozonation op- 
tion should be evaluated with laboratory or pilot-scale experiments every time individu- 
ally to avoid any possible bromate formation. 
Ill (N = 14) 
IV(N=12) 
N = number of samples 
cl- 






23 + 2 
109+4 
NO; 
0.3 + 0.1 
7.3+1.1 
F' 
0.03 + 0.02 
0.8+0. l  
P O ~ -  
0 
0 
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2.2 THMs 
The presence of bromide in chlorinated,waters has been found to increase the formation 
of THMs by increasing the bromine-incorporation into the compounds9 (11, V; Appendi- 
ces 2 and 3). An increase in the Br-to-TOC ratio did not change the proportional Br- 
THM formation (94 - 97%), but the proportional bromoform formation increased from 
42 to 56% (IV; Appendix 2). When the bromide concentration was sufficiently high, 
bromoform was the main THM observed, and the formation of chloroform decreasedgm1 ' 
(11, IV, V). Bromoform formation was found to increase continuously when the bromide 
concentration increased from 0 up to 2400 pg L-l 'O'". In study IV, bromoform forma- 
tion exceeded chloroform formation when the bromide concentration was 250 yg L - ~ ,  
which is close to a previous result showing the same effect at a bromide concentration 
of 300 pg l', and similar to the observations of Amy et al.'' and Luong et a1.13 of 
185 pg L-' and 175 - 550 yg Le', respectively. 
From 60 to 100% of the THMs in the bromide-containing chlorinated with or without 
preozonated or pretreated by UV or KMn04 waters were brominated (11, IV, V), while 
preoxidation by hydrogen peroxide decreased the proportion of the brominated THMs 
(IV, V). The highest contributions of the brominated THMs were found after chlorina- 
tion alone or combined with ozonation or UV treatment (11, V). These results are in ac- 
cordance with previous ones highlighting the major effect of bromide on the DBP con- 
centration~~" '-l4. 
The bromide concentration, and its changes during chlorination, correlated well with the 
THM formation (Table 1-IX and Appendices 2 and 3). The chlorine dose affected the 
THM formation most clearly in the data from the water works, while in the laboratory 
experiments it explained moderately well the THM formation. The removal of the or- 
ganic matter measured as the HPSEC fractions, explained well the THM formation in 
study I1 (Appendix 3), while its effect on the THM formation in other studies was less 
important. The THM formation explained the formation of HAAs and mutagenicity well 
in all of the studies. However, its capability to explain the MX formation was not as 
good. The concentration of the anions (not shown) did not correlate at all with the THM 
formation in any study. 
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In Finnish waters, the SW1 (Table 1-IX) had the highest observed bromide concentra- 
tion, and the bromine-containing THMs (bromodichloromethane, chlorodibro- 
momethane, and bromoform) corresponded to up to 96% of the sum of the THMs in that 
water. Bromoform and dibromochloromethane were found in the largest concentrations. 
Similar observations were made in this study as well after chlorination alone (PW2, 
AS2, FS3, and PAC12 in Appendices 2 and 3) even though the chlorine doses were not 
the same, i.e. in the water works SW1 the chlorine dose was 2.6 mg L-l, and in the ex- 
periments PW2, AS2, FS3, and PAC12 they were about 1 mg Le'. In all of these cases, 
the initial bromide concentration of the treated water was 400 - 500 pg L-l. On the other 
hand, in the next three water works (SW2 - SW4) having 100 - 200 pg L-' bromide in 
their raw waters, the bromine-containing THMs corresponded to approximately 80% of 
the sum of the THMs. The concentrations of bromodichloromethane and chlorodibro- 
momethane were highest. In the experiment FS2 (Appendix 3), the initial bromide con- 
centration was 270 pg L-', and the proportional concentrations of the bromine- 
containing THMs were similar to the values of SW2 - SW4. In water works treating 
water containing less than 100 pg L-' bromide, the corresponding value was found to be 
less than 50%, while in the groundwater works treating bromide-containing raw water 
only very small concentrations of the bromine-containing THMs were found. 
2.3 MUTAGEMCITY OF BROMIDE-CONTAINING WATERS 
Chlorination produced the highest mutagenicities with and without bromide (11, IV, V). 
Preoxidation either by hydrogen peroxide with or without ozonation or permanganate 
decreased clearly the mutagenicity (IV, V), while UV treatment before chlorination de- 
creased much less (V) or even increased the mutagenicity (11). Bromide increased the 
mutagenicity in 94% (15116) of the cases (11, V), thus observation being similar to pub- 
lished findings15. 
The highest contribution of MX on the mutagenicity of bromide-free waters was ob- 
served after chlorination, while hydrogen peroxide with or without ozonation as the 
preoxidation method produced the lowest proportional MX formation (V). MX contrib- 
uted 68 and 76% of the mutagenicity of chlorinated, bromide-free waters, while in bro- 
mide-containing waters, the contributions were only 34 and 20%, which points to the 
formation of brominated MX analogues (V). Previously it has been found that MX ac- 
counts for up to 67% of drinking water m ~ t a ~ e n i c i t ~ ' ~ , ' ~ .  
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Mutagenicity was most most dependent on the consumed bromide concentration in 
study I1 (Appendix 3), while in other studies the effect was not so clear. However, in the 
data taken from the Finnish water works, the initial bromide concentration correlated 
well with mutagenicity as compared to the other results (Table 1-IX and Appendices 2 
and 3). Neither the initial bromide concentration nor the anion concentration (not 
shown) affected the MX formation substantially in any of the studies. The chlorine dose 
influenced clearly the mutagenicity and MX formation in the laboratory studies, but the 
effect was only marginal in the data from the Finnish water works. As with the THMs, 
also mutagenicity and the reduction in the HPSEC fractions during chlorination corre- 
lated well in the data from study 11, but in other studies this effect was not seen. 
The average mutagenicity in the Finnish drinking waters (Table 1-IX) was 990 net rev 
L' for surface water works, 450 net rev L-' for artificially recharged groundwater 
works, and 280 net rev L-' for groundwater works when the average is used. On the 
other hand, when the average-production-weighted average was used, the corresponding 
values were found to be 710 net rev (m3/d)-l, 420 net rev (m3/d)-l, and 230 net rev 
(m3/d)-'. The mutagenicity results obtained from studies 11, IV, and V for the PW, Uusi- 
kaupunki's water, or water treated in the pilot-scale water treatment plant were found to 
be 1.3 to 3.0 times of the average mutagenicity calculated from the water works data 
(Table 1-IX). Only when hydrogen peroxide was used either alone or in combination 
with ozone, were the mutagenicities obtained from study V found to be lower than the 
average from Table 1-IX. Even though the TOC range of the surface water works data 
was narrowed to the one close to the values used in the experiments 11, IV, and V (2.5 - 
4.0 mg Le'), the average of 1040 net rev L-' was still clearly lower than the values ob- 
served in the laboratory and pilot-scale experiments. The difference of the mutagenicity 
values cannot be explained solely by the chlorine dose, since in most of the surface wa- 
ter works, the C12/(TOC in the finished water) in % varied from 20 to 40%, while the 
corresponding values obtained from the experiments of this study were 25 - 40%. Thus, 
other processes in the water works have a great influence on the quality of the finished 
water, since they change the quality and quantity of the constituents in the water result- 
ing in the variation in the observed mutagenicities even though the chlorine dose and 
TOC were close to each other. 
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2.4 OTHER EFFECTS 
The bromide concentration was not found to correlate with the organic matter removal 
during the experiments. However, the initial bromide concentration and the reduction in 
the bromide concentration during the oxidation seemed to correlate with the reduction in 
the HPSEC fractions both in study I1 (Appendix 3) and in study IV (Appendix 2), while 
in the data from the water works, no such correlation was observed (Table l-IX). 
Changes in the organic acid concentrations and the HPSEC fractions correlated well 
with the formation of the THMs, HAAs, and mutagenicity (Table l-D( and Appendices 
2 and 3). Otherwise, the DBP formation was not affected substantially by the amount of 
the initial TOC, and the bromate formation was not affected at all by the quality changes 
in the organic matter. 
3. METHODS TO PREVENT THE FORMATION OF BROMINE- 
CONTAINING DISINFECTION BY-PRODUCTS 
Efficient organic matter removal before disinfection has been found to be one of the 
most important methods to prevent the formation of (brominated) DBPs during disin- 
fection. In this study also the organic matter removal was mainly done before oxidation 
or disinfection, since the TOC did not change appreciably during the experiments (I, 111, 
IV, V). However, since bromide is not removed effectively during the coagulation proc- 
ess, the Br-to-TOC ratio increased, which enhanced the proportional formation of bro- 
minated DBPs such as bromoformg, even though the total THM formation decreased 
(IV, V). Also, bromate formation during ozonation can be assumed to increase when the 
organic content of the water decreases due to enhanced reactions between ozone and 
bromide (OBr-). 
One way to estimate the DBP formation potential is to measure the UV absorbance at 
254 nm (W254), and to calculate to S W A  value (100xUV254lDOC or 100xW254I 
TOC). The UV254 and TOC, and the W 2 5 4  and THM formation have been found to cor- 
relate well, enabling its use as a surrogate parameter for DBP (11). How- 
ever, the TOC and THM formation have not been found to correlate well" (11, IV, V). 
On the other hand, if S W A  values are calculated and used, the aromatic content of the 
organic matter can be estimated, and the efficiency of certain unit processes can be 
evaluated already in the planning stage of a water treatment It has been stated 
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that coagulation would be an efficient process for organic matter removal from waters 
with SUVA values above 2 mg L-' m-' 23. In study 11, where the raw had a S W A  value 
of approximately 3.6 mg L-' m-', the organic matter was removed very efficiently by 
more than 60%, resulting in SUVA values 1.5 - 1.9 mg L-' m-', hence, the aromatic 
content of the treated water decreased by about 50%. Also, the coagulation removed all 
of the "excess-SUVA" (1.7 to 2.1 mg L-' m-'), evidence that the process worked well. 
Ozonation at a lower pH, as compared to an increased pH, was a very efficient method 
to reduce bromate formation (111, IV), which has been found earlier as well274. At a 
lower pH bromide is mainly in the form of HOBr, which reduces the reactions between 
ozone and bromide, and, hence, decreases the bromate formation. Since bromate forma- 
tion requires dissolved ozone in the water2, the ozone dose and its optimal use are very 
important factors in minimizing bromate formation. However, even though the ozone 
dose was as high as 18 mg L-' in study IV, bromate formation remained below the EU 
limit value of 10 yg L*' for bromate when ozonation was carried out at the ambient pH 
(5.8) and alkalinity (0.3 mM). On the other hand, in study 111, bromate formation ex- 
ceeded the limit value in spite of the much lower ozone dose (6.3 mg L-') at a pH of 6.2 
and alkalinity of 0.3 rnM. These two results show clearly that pilot-testing with a spe- 
cific water and conditions should be carried out before their introduction to full-scale 
water treatment processing. 
Hydrogen peroxide can be used to decrease the amount of bromine-containing DBPs, 
since it causes the reduction of hypobromite back to bromide7. However, in this study, 
bromate formation increased when hydrogen peroxide oxidation was combined with 
ozonation (111, IV), and in study V, the THM formation decreased clearly when hydro- 
gen peroxide was combined with ozonation and chlorination. On the other hand, in 
study 111, the bromate formation was approximately the same as without hydrogen per- 
oxide at the highest H202103 molar ratio of 0.8. The use of hydrogen peroxide with 
ozonation reduced the amount of dissolved ozone as was found in the studies I11 and IV, 
but increased the amount of hydroxyl radicals, which react very rapidly and 
unselectively in the water. 
Since chlorination produces the highest amount of DBPs when many alternatives are 
compared, the effect of preoxidation was tested in studies I, 11, IV, and V. The effect of 
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ozonation with or without hydrogen peroxide was tested in studies I11 and IV without 
chlorination. Activated carbon filtration was not used in any of the studies before the 
ozonation step so it was possible to study the potential for DBP formation when chlo- 
rine was the post-disinfectant. Ozonation proved to be an efficient method to reduce 
both the levels of THMs and the mutagenicity (V). On the other hand, hydrogen perox- 
ide potentiated even better reduction in mutagenicity (IV, V), but its effect on the THMs 
was mixed (IV, V). 
Ozonation is often followed by activated carbon filtration, which results in biologically 
activated carbon treatment, in the water works. However, this combination was not 
tested in this study even though it has been observed to be an effective method to pre- 
vent the formation of (brominated) disinfection by-prod~~ts25~26. 
4. PRACTICAL IMPLICATIONS 
Since chlorination produced the highest amount of DBPs during water treatment, or- 
ganic matter removal before disinfection must be given priority in preventing the for- 
mation of these compounds. Enhanced coagulation/flocculation followed by effective 
filtration has achieved good results both in the organic matter removal and in the reduc- 
tion in the DBP formation. Also, a multiple-barrier approach for water disinfection con- 
sisting of preoxidation by ozone with or without hydrogen peroxide or permanganate 
and postchlorination both reduced the formation of the DBPs and enhanced the water 
quality together with better preparedness for prevention of microbiological contamina- 
tion. 
High bromide concentrations in raw waters from certain geographical areas placed even 
more demands on the water purification process, since the DBP formation increased in 
the presence of bromide. Bromide removal by nanofiltration, activated carbon, electro- 
chemical reactions, or ion e ~ c h a n ~ e ' ~ " ~  may not be economically feasible, and other 
ways to reduce the formation of brominated DBPs are needed. Ozonation without acti- 
vated carbon filtration showed potential for DBP reduction in this study (I, V), while in 
full-scale water works it is often followed by activated carbon filtration to enhance the 
removal of the DBP precursors and small-molecular-weight organicsz6. However, the 
formation of bromate has to be taken seriouslJP (111, IV). 
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5. CONCLUSIONS 
Bromate formation was found to vary in different ozonated waters, even though the 
bromide concentration, TOC, pH, and alkalinity of the waters were the same. The low- 
molecular-weight organic compounds in the water produced less bromate than the high- 
molecular-weight organic compounds. The molecular-weight fractions were measured 
using high pressure size exclusion chromatography. The concentrations of the inorganic 
anions in raw water did not affect the bromate formation. 
The formation of total THMs increased when the water contained bromide as compared 
to the corresponding waters without bromide. 
Mutagenicity was found to be higher in bromide-containing waters compared to bro- 
mide-fiee waters. However, the MX formation was found to be lower in bromide- 
containing waters pointing to the formation of brominated MX analogues and muta- 
genic compounds other than MX. 
Ozonation combined with hydrogen peroxide seemed to be a promising choice as the 
preoxidation method to reduce the formation of DBPs. In contrast, W treatment before 
chlorination did not reduce the DBPs below the levels observed after chlorination in 
these humus-rich waters. 
Bromide had no effect on the decomposition of the organic matter. Chlorine and ozone 
were found to result in the formation of small-molecular-weight compounds from the 
organic matter. Chlorine decreased both the molecular size fraction of the aquatic hu- 
mus and the amount of double bonds in the compounds more efficiently than ozone. 
Ozonation produced more organic acids per mg of oxidant than chlorination, except for 
the treatment with ozone-hydrogen peroxide-chlorine, in which the production of the 
organic acids was more than 3 times higher than observed with any of the other ozona- 
tion options. Even though the quality of the organic matter changed clearly, the TOC 
value remained virtually unchanged. 
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Appendix 1. The quality of the raw water and ozonated water in the laboratory experiments of the studies I11 and IV. K = experiments of the study 
111; U = experiments of the study IV. Alkalinities of the waters were 0.3 mM except in the following, experiments (alkalinity in brackets): K3 (1.8 
mM), ~ 1 5  
Water (tem- 
perature "C I 
PHI 
Kl(1216.2) 
K2 (12 16.2) 
K3 (12 1 6.5) 
K4 (12 16.3) 
K6 (12 16.2) 
K7 (12 16.1) 
K8 (12 17.2) 








U1 (10 15.8) 
U2 (17 15.8) 





U8 (10 17.0) 
HPSEC (AU*s) 
acetate, propionate, pyruvate, oxalate, and citrate); nd = not detected; nm = not measured; Res. Cl* = residual chlorine in the water at the time of sampling 












































































































































































































































































































































































































Appendix 2. The quality of the raw water and chlorinated water in the laboratory experiments of the studies I, IV, and V. AW = artific 
recharged 
Water 































acetate, propionate, pyruvate, oxalate, and citrate); nd = not detected; nm = not measured; Res. Cl2 = residual chlorine in the water at the time of sampling 
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A ~ ~ e n d i x  3. The aualitv of raw water and treated water in the study 11. Treatment consisted of coagulation/flocculation, flotation, sand filtration, 
and disinfection. AS = aluminurn sulphate, 



















PAC16 1 200 9.6 338 000 1 120 1 200 
HPSEC (AU*s) - integrated peak areas fkom the size exclu! 
acetate,propionate, pyruvate, oxalate, and citrate); nd = not d 
ic sulphate, PACI = polyaluminum chloride. 
- 
(formate, 
ected; nm = not measured; Res. Cl2 - residual chlorine in the plant eflluent 
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